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ABSTRACT Uterine luminal epithelial cells (UECs) undergo dramatic alterations in the apical and basolateral membrane during early pregnancy and these changes are collectively known as the ‘plasma membrane transformation’. This study focuses on how these cells maintain a polarised columnar epithelial phenotype despite the loss of a number of junctions and related structures at the time of implantation. Several aspects of cell polarity are investigated in this thesis. Caveolin and cavin proteins PTRF (RNA pol I transcription factor) and SDPR (serum deprivation protein response) were investigated to understand their involvement in membrane curvature as well as membrane lipid and cholesterol polarity. Filamin A, an actin crosslinking protein was studied to understand the role that the actin cytoskeleton plays in the maintenance of cell polarity. Junctional complexes were also studied through the localisation and expression of afadin in UECs during early pregnancy.  The current study investigated caveolin, a major protein of caveolae; as well as PTRF and SDPR which belong to the cavin protein family. These proteins are involved in lipid and cholesterol transport and membrane curvature, this thesis investigated the localisation and expression of these proteins in the uterus during early pregnancy and the hormonal regulation of these proteins. Caveolin 1 and 2 were both found to shift to the basal plasma membrane of UECs at the time of implantation and also under the influence of progesterone. The localisation of caveolin 1 and 2 at the time of implantation corresponded to the increase in the number of morphological caveolae observed at the basal plasma membrane of UECs.  An increase in the protein abundance of caveolin 1 and a decrease in caveolin 2 protein in uterine epithelial cells were observed at the time of implantation and under the influence of progesterone, while the amount of PTRF protein was unchanged during early pregnancy and in response to ovarian hormones. SDPR expression and localisation in UECs was restricted to the time of fertilisation and the influence of oestrogen where it was localised cytoplasmically in UEC. PTRF was found to associate with caveolin-1 at the time of implantation, where these 
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proteins together serve to increase membrane curvature and also maintain a polarised state of lipid and cholesterol in the plasma membrane of UECs at the time of implantation.  Remodelling of the actin cytoskeleton of UECs and also the underlying stromal cells was also investigated by studying the localisation and expression of filamin A (FLNA) - a protein that cross links actin filaments and also mediates the anchorage of membrane proteins to the actin cytoskeleton. Localisation of FLNA in UECs at the time of fertilisation was cytoplasmic and shifted apically at the time of implantation and under the influence of progesterone.  FLNA was also concentrated to the first two to three stromal cell layers below the epithelium at the time of fertilisation and shifts to the primary decidualisation zone at the time of implantation. This shift in localisation was found to be dependent on the decidualisation reaction. Protein abundance of the FLNA 280 KDa monomer, and calpain cleaved fragment (240 KDa) did not change during early pregnancy in UECs. These results suggest that FLNA may be an important regulator of cytoskeletal remodelling of these cells to allow uterine receptivity and decidualisation necessary for successful implantation in the rat.  The role of the actin cytoskeleton and the extracellular matrix was also investigated using the Ishikawa cell line as they have been used extensively as a cell culture model of a receptive endometrium. Due to the important role that focal adhesions and the extracellular matrix ligand fibronectin play in normal uterine receptivity, paxillin and talin were investigated in these cells; with regards to the influence fibronectin has on their localisation and expression. This study also observed the effects of cytochalasin D on the localisation and expression of paxillin, talin and caveolin-1 in these cells when grown on fibronectin. Confocal immunofluorescence microscopy of Ishikawa cells grown on glass coverslips coated with Matrigel™ or fibronectin showed that caveolin-1, talin and paxillin are localised apically in Ishikawa cells grown on a basement membrane.  This is in contrast to the localisation of these proteins in UECs in vivo where they were localised basally. Actin disruption experiments showed a decrease in apical staining of paxillin and talin in Ishikawa cells grown on either Matrigel™ or fibronectin, however punctate staining of caveolin-1 was observed in cytochalasin D treated Ishikawa cells grown on Matrigel™. Protein abundance of talin and 
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paxillin was greater in Ishikawa cells treated with cytochalasin D grown on fibronectin, whereas caveolin-1 protein abundance was greater in cytochalasin D treated cells grown on Matrigel™ compared to untreated cells. The results from this study suggested that the presence of fibronectin influences the expression and localisation of these proteins in Ishikawa cells, and hence the adhesive properties that are attributed to this cell line. Alterations in cellular junctions during early pregnancy were also investigated in this thesis with particular focus on the adherens junction. This study investigated the morphological changes of the adherens junction and the localisation and expression of afadin a protein that is part of the nectin-afadin-ponsin protein complex found at cell-cell adherens junctions during early pregnancy in the rat to explore its role in the maintenance of epithelial polarity. This study showed a loss of the morphological adherens junction at the time of implantation, and afadin was found to co-localise to apical cell-cell junctions between UECs at both the time of fertilisation and implantation, and co-localise with ZO-1 at both these times. Afadin protein is increased at the time of implantation in uterine epithelial cells. The co-localisation of afadin with ZO-1 and increase in afadin protein in UECs at the time of implantation suggests that it is associated not only with the adherens junction at the time of fertilisation but also the tight junction at both the time of fertilisation and implantation.  In conclusion this thesis shows the involvement of the molecules in the maintenance of uterine polarity and their contribution to uterine receptivity with regards to the influence they have on the composition of apical and basolateral plasma membranes throughout early pregnancy. At the time of implantation in particular when a number of structures such as the tight and adherens junctions are altered or absent, the apical plasma membrane is rigid due to the elevated membrane cholesterol and FLNA associated actin networks, while the basolateral plasma membrane is less rigid, enabling caveolae formation and membrane curvature at this time. Afadin at this time is also associated with the tight junction, where it may serve to maintain distinct apical and basolateral domains. The collective findings presented in this thesis contribute to our understanding of the mechanisms that these cells employ to provide a receptive state during early pregnancy as well as cell polarity. 
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1.1 OPENING REMARKS Uterine epithelial cells form a barrier lining the uterine lumen which is normally hostile to blastocyst implantation. At the time of implantation these cells allow for successful adhesion and invasion of the blastocyst into the underlying endometrium. This period of time in which these events occur is short and is termed the ‘window of receptivity’.  Uterine epithelial cells undergo many changes in order for them to be receptive to blastocyst implantation, these changes are collectively known as the  ‘plasma membrane transformation’ (Murphy 2001), and are regulated by the ovarian hormones oestrogen and progesterone. At the time of fertilisation the apical plasma membrane of uterine epithelial cells is lined by microvilli. Intercellular junctions are present and include the zonula occludens and zonula adherens (Murphy and Shaw 1994). The basolateral plasma membrane of luminal uterine epithelial cells is smooth with basal focal adhesions that anchor the cell to the underlying extracellular matrix. These features described are representative of a typical polarised simple columnar epithelial cell (Shion and Murphy 1995). By the time of implantation many of these structures are lost or altered. During the ‘window of receptivity’ the apical plasma membrane flattens out, and apical plasma membrane cholesterol is increased. On the lateral plasma membrane cell-cell junctions are altered, including an increase in depth of the tight junction (Luxford and Murphy 1992b; Murphy 2004; Murphy and Dwarte 1987; Murphy and Martin 1985). At the basal plasma membrane, a loss of basal focal adhesions and an increase plasma membrane tortuosity is observed (Shion and Murphy 1995; Kaneko et al. 2009; Kaneko et al. 2008). All these changes are associated with general actin cytoskeletal remodelling. Despite all the changes that these cells undergo, the uterine epithelial cells yet maintain a polarised epithelial phenotype. The proteins investigated in this thesis; caveolin, PTRF, SDPR, filamin A, afadin, talin and paxillin, not only have individual functions at the plasma membrane but are also generally associated with the actin cytoskeleton.  The actin cytoskeleton in uterine epithelial cells undergoes extensive remodelling leading to receptivity, as to how the actin cytoskeleton contributes to a polarised epithelium is yet to be determined. 
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Talin and paxillin have been previously investigated in the uterus of the rat during early pregnancy, and were localised to the basal plasma membrane on day 1 of pregnancy (Kaneko et al. 2008). Talin and paxillin were reduced at the time of implantation (Kaneko et al. 2008), which correlated with the loss of ultrastructural focal adhesions at this time (Shion and Murphy 1995).  The molecules being investigated in this thesis contribute to cellular polarisation in many cell types but have yet to be studied in UECs. As UECs undergo dramatic morphological changes leading to receptivity Therefore, the aim of this thesis is to investigate the protein expression, localisation and hormone regulation of caveolin-1, caveolin-2, PTRF, SDPR, filamin A, and afadin during early pregnancy in the rat, as well as talin and paxillin in a polarised uterine epithelial cell line to understand how these molecules contribute to the major changes which occur in UECs during the plasma membrane transformation of early pregnancy.  The following sections of this chapter will now discuss the relevant organs and proteins investigated in this thesis.  
1.2 THE UTERUS The uterus is a hormone receptive organ that receives the developing blastocyst from the uterine tube.  In rats, mice and humans, the blastocyst invades into the uterine wall and foetal development continues during gestation. The rat uterus is comprised of two uterine horns bounded by a common cervix and vagina (Mossman 1977). The uterine wall consists of three layers as observed in figure 1.1. The outer layer is the perimetrium, a serous covering of the uterus which is continuous with the abdominal and pelvic peritoneum. The myometrium is comprised of two layers of smooth muscle, an inner circular and outer longitudinal layer which are separated by connective tissue and blood vessels.  The innermost layer of the uterus is the endometrium, which consists of a connective tissue stroma and uterine glands lined by simple columnar epithelium which is continuous with the luminal epithelium. The luminal uterine epithelium is important for successful embryo implantation and only makes up 5-10% of the uterus (Martin et al. 1973; Das and Martin 1973). 
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Figure 1.1 Cross section of the rat uterus  Histological cross section of a rat uterine horn stained with haematoxylin and eosin. The layers of the uterus are the perimetrium (P), two muscle layers that form the myometrium (M), the endometrium which is comprised of a connective tissue stroma (S) and endometrial glands (G).  A central lumen (L) is lined by uterine epithelial cells (UECs).  
 
1.3 THE OESTROUS CYCLE The reproductive cycle of the female rat is an oestrous cycle, 4-5 days in length and consists of 4 stages known as pro-oestrus, oestrous, early di-oestrus, and late di-estrous (Long and Evans 1922). Each stage of the oestrous cycle are characterised by changes in the morphology and biochemistry of the uterine tube, uterine endometrium, and vaginal mucosa (Lawn 1973; Long and Evans 1922). As such, the distinctive histology of the vaginal epithelium is used to monitor the stage of the oestrous cycle by vaginal smearing (Long and Evans 1922), [figure 1.2]. Vaginal smears obtained at pro-oestrus are characterised by nucleated round epithelial cells of uniform size, this stage lasts for 12-14 hours. The stage of oestrus lasts for 25-27 hours and is characterised anucleated cornified cells present in the vaginal smear (Hubscher et al. 2005; Long and Evans 1922; Marcondes et al. 2002). Early di-oestrous is also referred to as metoestrus and lasts for 6-8 hours; the vaginal smear at this stage of the oestrous cycle consists of leukocytes and both cornified and nucleated epithelial cells in equal proportions. The vaginal smear at late di-oestrus consists predominantly of leukocytes, this stage of the oestrous cycle 
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persists for 55-57 hours; which comprises more than half of the oestrous cycle.  (Marcondes et al. 2002; Long and Evans 1922; Hubscher et al. 2005) 
 
Figure 1.2 Representative vaginal smear profiles during the oestrous cycle A representative vaginal smear showing the characteristic cell profile for each stage of the oestrous cycle in the rat. Adapted from Hubscher et al 2005.  
1.3.1 ENDOCRINE CONTROL OF THE OESTROUS CYCLE During the oestrous cycle serum levels of prolactin, luteinising hormone (LH) and follicle stimulating hormone (FSH) remain low except at pro-oestrous, where an increase in oestrogen is followed by a peak in prolactin, progestin, follicle stimulating hormone (FSH) and luteinising hormone (LH) (Smith et al. 1975; Spornitz et al. 1999; Austin and Short 1984). A graph representing these changes is shown in figure 1.3. If rats are mated during oestrus a vaginal plug is observed the following morning, and can remain for 24 hours (Long and Evans 1922). Ovulation occurs spontaneously in the rat, however, copulation is required to produce a fully functional corpus luteum (Zarrow and Clark 1968; Young et al. 1941). 
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Pregnancy occurs when spermatozoa and ova meet in the uterine tube (Finn and Martin 1974). This is confirmed by the presence of spermatozoa in the vaginal smear after mating. The day after mating where there are spermatozoa in the vaginal smear is designated as day 1 of pregnancy. A pseudo pregnant state can be induced if mating occurs with an infertile male, or by cervical stimulation, this state persists for 13 days (Schwartz et al. 1955; Kopia et al. 1974). 
 
Figure 1.3 Hormonal patterns in blood plasma during the rat oestrous cycle Ovarian hormones (oestrogen and progesterone) fluctuate during the oestrous cycle, under the control of pituitary gonadotropins (LH and FSH). Adapted from Austin and Short, (1984)  
1.4 PREGNANCY  The gestation period of the rat is 22 days (Austin and Short 1984), and during the early stages of pregnancy the endometrium of the uterus undergoes many changes while the embryo develops. The uterus is primed with maternal hormones oestrogen and progesterone (Psychoyos 1973; Schlafke and Enders 1963; Psychoyos and Mandon 1971; Psychoyos 1993) which particularly affects the luminal uterine epithelial cells (UECs). These cells transition to a receptive state for a short period of time, known as the ‘window of receptivity’ (Psychoyos 1973). Blastocyst studies have demonstrated the ‘window of receptivity’ to be a short time in which blastocysts can successfully implant in the endometrium of the uterus. Blastocysts transferred to pre-receptive uteri implant successfully, while those that are transferred after this period of receptivity fail to implant (Doyle et al. 1963; Yoshinaga 1988).  The effect of progesterone and oestrogen on the uterus has been established in ovariectomised rats treated with exogenous ovarian hormones (Psychoyos 1973; 
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Martel et al. 1991). Ovariectomised rats treated with progesterone followed by a single dose of oestrogen have been demonstrated to be the minimal hormonal requirement for successful implantation (Psychoyos 1973; Martel et al. 1991). A state of pseudo-pregnancy can be induced in rats by mating with a sterile male or through artificial cervical stimulation (Kopia et al. 1974; Schwartz et al. 1955).  During this state the corpora lutea are functional for the first 13 days of pseudo-pregnancy, after which time they degenerate due to the absence of an implanting blastocyst (Austin and Short 1984). There are structural and ultrastructural similarities between pregnant and pseudo-pregnant uteri that have been recognised (Kopia et al. 1974; Lee et al. 2007; Allen 1931; Ljungkvist and Nilsson 1971) and as such they have been used for the study of early pregnancy in this thesis. 
1.5 IMPLANTATION Implantation is a highly regulated event, and is comprised of three stages, known as apposition, adhesion and invasion (Enders and Schlafke 1967; Abrahamsohn and Zorn 1993). In each of these stages intimate contact between foetal and maternal tissues is accomplished by uterine closure and blastocyst swelling (Abrahamsohn and Zorn 1993). Different species undergo different modes of implantation, in rodents and humans invasive implantation occurs, along with displacement implantation which is seen particularly in rats and mice (Enders and Schlafke 1967; Schlafke et al. 1985; Parr et al. 1987). A schematic of the stages of implantation can be seen in figure 1.4. 
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Figure 1.4 The stages of implantation Diagram representing the implantation chamber during the three stages of implantation in the rat apposition, adhesion and invasion. Adapted from Enders and Schlafke (1967). 
 
1.5.1 Apposition The developing blastocyst enters the uterine lumen on day 5 of pregnancy in the rat. At this time the blastocyst loses its zona pellucida, and comes into close contact with the luminal uterine epithelium. This is facilitated by uterine lumen closure which forms the implantation chamber (Enders 1975; Enders and Schlafke 1967). Uterine closure allows for communication between blastocyst and uterine epithelial cells (Hill 2001). Blastocysts at this stage of implantation are still free in the uterine lumen as they are easily flushed without any damage to the UECs (Enders and Schlafke 1967). 
1.5.2 Adhesion Adhesion of the blastocyst to the UECs occurs on day 6 of pregnancy. Blastocysts attach to the anti-mesometrial surface of the uterine lumen with their inner cell mass orientated mesometrially (Warren and Enders 1964; Enders and Schlafke 1967; Enders et al. 1980).  Adhesion between the blastocyst and UECs is accomplished by surface projections of the blastocyst which interdigitate with apical projections of the luminal uterine epithelium and later flatten out (Enders 1975) The adhesion is mediated by adhesion molecules on either the trophoblast cells of the blastocyst or the UECs or both (Aplin 1997). At this time removal of the 
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blastocyst from the implantation chamber will cause damage to the UECs (Enders and Schlafke 1969; Enders and Schlafke 1967). Also at this time the fibroblasts of the endometrial stroma immediately under the luminal uterine epithelium undergo cellular changes, these will be discussed later in this chapter.  
1.5.3 Invasion Invasion of the blastocyst into the underlying endometrium occurs on day 7 of pregnancy in the rat. The UECs are removed by the blastocyst to allow the trophoblast to penetrate the basal lamina and invade the underlying stroma (Tachi et al. 1970). Invasion of the blastocyst requires remodelling of the underlying stromal cells of the implantation chamber into large decidual cells which serve to restrict excessive trophoblast invasion (Enders and Schlafke 1969; Chavez et al. 1984; Abrahamsohn and Zorn 1993).  The invasive capabilities of the blastocyst have been demonstrated in other organs such as the kidney (Fawcett 1950), spleen and testis (Kirby 1963). However the uterus is not receptive to blastocyst implantation outside the window of receptivity as demonstrated in experiments involving blastocyst transfer outside this window; in which blastocysts were no longer able to implant (Doyle et al. 1963). The UECs outside the window of receptivity thus serve as an impenetrable barrier.  
1.6 Epithelial Polarity  Polarised epithelial cells are characterised by the organisation of plasma membrane lipids and proteins into distinct domains (Rodriguez-Boulan and Nelson 1989). These domains, both structural and functional, consist of an apical plasma membrane that faces the lumen, a basolateral plasma membrane where junctional complexes are found. These cellular domains of UECs undergo dramatic changes, both morphological and biochemical, between non receptive and receptive states, and during this transition they lose many epithelial junctional structures and associated cytoskeletal components (Kaneko et al. 2009; Kaneko et al. 2008; Luxford and Murphy 1992b; Murphy 2001; Murphy 1995; Murphy and Dwarte 1987; Preston et al. 2004). Despite these cellular changes UECs still maintain a polarised organisation of lipids and proteins in the various membrane domains. 
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1.7 THE PLASMA MEMBRANE TRANSFORMATION The UECs are the first site of contact between maternal and foetal tissues and undergo dramatic changes in their plasma membrane both morphological and molecular in order to be receptive to blastocyst implantation, these changes are regulated by ovarian hormones progesterone and oestrogen (Luxford and Murphy 1992a; Murphy et al. ; Murphy et al. 1981; Murphy and Rogers 1981). Collectively these changes are known as the ‘plasma membrane transformation’ and key features are shown in figure 1.5.  
 
Figure 1.5 The plasma membrane transformation of uterine epithelial cells  Schematic diagram representing the changes in the morphology of a uterine epithelial cell on days 1 and 6 of pregnancy. These changes include the loss of the microvilli, alteration of the lateral junctional complex, change in plasma membrane curvature and cholesterol content but also remodelling of the actin cytoskeleton. Adapted from Murphy (2004).  
 On day 1 of pregnancy UECs are non-receptive to blastocyst implantation. At this time these cells have apical microvilli and associated terminal web. A glycocalyx rich in anti-adhesive molecules such as MUC-1 (Isaacs and Murphy 2003) adds to an epithelium that is not receptive to blastocyst implantation. The lateral junctions of UECs such as the adherens and tight junction (Orchard and Murphy 2002; Nicholson et al. 2010; Murphy et al. 1982), and basal focal adhesions (Rousselle et al. 1991; Shion and Murphy 1995; Kaneko et al. 2008) being intact in UECs in 
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addition to the appearance of the basolateral membrane being smooth are features of a non-receptive UECs. On day 6 of pregnancy UECs are receptive to blastocyst implantation. At this time a number of morphological and molecular changes have occurred. The actin cytoskeleton has undergone extensive remodelling (Luxford and Murphy 1989, 1992b, 1993; Murphy 1995) where apical microvilli are no longer present, instead irregular protrusions are observed (Luxford and Murphy 1989, 1993). There is a loss of the apical glycocalyx and a reduction in MUC-1 protein expression (Isaacs and Murphy 2003), along with an increase in intramembranous particles and apical membrane cholesterol (Murphy and Martin 1985; Murphy and Dwarte 1987; Luxford and Murphy 1993) as observed from freeze fracture studies. The basolateral membrane at this time is highly tortuous (Shion and Murphy 1995), where there is an increase in the depth and complexity of tight junctions and their associated proteins - occludin and ZO-1 at this time (Murphy et al. 1982; Luxford and Murphy 1992a; Orchard and Murphy 2002), as well as a loss of basal focal adhesions (Kaneko et al. 2008; Rousselle et al. 1991; Shion and Murphy 1995).  The UECs during early pregnancy are not the only cells that contribute to a uterus that is receptive to blastocyst implantation. The underlying stromal cells also undergo a number of changes for successful blastocyst implantation and pregnancy, which are known as decidualisation. 
1.8 DECIDUALISATION Decidualisation involves remodelling of the endometrial stromal fibroblasts surrounding the implanting blastocyst. This process is unique to the uterus as only fibroblasts of the endometrium react in this manner to a blastocyst (Bevilacqua et al. 1991; Abrahamsohn and Zorn 1993). In humans decidualisation occurs spontaneously in a hormonally primed uterus in the absence of the blastocyst (Cornillie et al. 1985), while in other species such as the rat, decidualisation only occurs around the blastocyst. The decidual tissue is essential for the continued growth and development of the embryo (Abrahamsohn and Zorn 1993) as it serves not only to provide nourishment but also separates adjacent embryos and restricts excessive embryo invasion. The latter is achieved through two mechanisms including alterations of the extracellular matrix (Carson et al. 1992; Finn 1971) or 
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by the release of soluble growth regulating factors and proteases (Weiss et al. 2007; Mikhaĭlov and Malygin 1981). The decidua also provides an immunosuppressive environment where maternal immunoglobulins are excluded from the implanting blastocyst by decidual cells of the primary decidual zone (Parr et al. 1986; Tung et al. 1986).  Oedema in the endometrial stroma is the first sign of decidualisation as demonstrated by the vascular leakage from post capillary fenestrated venules of injected dyes such as pontamine sky blue (PSB); this is referred to as the PSB reaction and is used as a marker of decidualisation (Abrahamsohn et al. 1983; Christofferson and Nilsson 1988). The primary decidualisation zone refers the region where sub-epithelial stromal cells undergo alterations prior to the PSB reaction. Decidualisation of these endometrial stromal cells (ESCs) involves the transition from long thin fibroblast cells to large and rounded epitheliod like cells known as decidual cells (Parr et al. 1986; Finn 1971). This process involves formation of adherens type junctional structures at sites of contact between adjacent decidual cells (Finn and Keen 1963; Finn and Lawn 1967; Lundkvist and Ljungkvist 1977; Tung et al. 1986) and an accumulation of glycogen, lipids and fibrillar material arranged into a filamentous meshwork inside decidual cells (Kearns and Lala 1983). These changes also involve remodelling of the actin 
cytoskeleton, which is mediated by actin binding proteins such as α-actinin in decidual cells (Shaw et al. 1998; Terry et al. 1996; Loo et al. 1998). As pregnancy progresses decidualisation of the endometrium continues outwards to the myometrium (Abrahamsohn et al. 1983), with a fully functional decidua present by day 10 of pregnancy in the rat (Welsh and Enders 1985). A diagram of the decidualisation zones seen on day 8 of pregnancy is shown in figure 1.6. 
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Figure 1.6 Illustration of developed decidua of pregnant rats on day 8 of pregnancy.  An illustration depicting the primary decidual zone, mesometrial and antimesometrial decidua on day 8 of pregnancy. Adapted from Abrahamsohn and Zorn (1993); Lundkvist and Ljungkvist (1977). 
 The mechanism by which these agents induce decidualisation is unclear. Artificial deciduogenic agents such as oil require a nidatory oestrogen surge for the development of deciduomata (Finn and Keen 1963). However, it does cause some damage to the uterine mucosa following application and as such may result in the release of inflammatory mediators which may initiate decidualisation (Shaw et al. 1998; Lundkvist and Ljungkvist 1977; Lundkvist 1978).  Both embryo and artificially induced deciduomata are similar in structure as well as the period of sensitivity to decidualisation and minimal hormonal requirements (Jollie and Bencosme 1965; FINN and HINCHLIFFE 1965; Finn 1971; Lundkvist and Ljungkvist 1977; Lundkvist and Nilsson 1982).  Thus, artificial induction of decidualisation is a useful tool to investigate the decidualisation reaction. 
CHAPTER 1  INTRODUCTION 
14  
1.9 THESIS FOCUS The process of how UECs maintain epithelial polarity during the plasma membrane transformation when there is loss of numerous membrane junctional structures and related cytoskeletal elements of these junctions (Murphy 2001; Murphy 2004; Murphy and Shaw 1994) is intriguing. This thesis will focus on the changes that these cells undergo and the associated molecules and structures which serve to maintain a polarised epithelial state. The following sections of this introduction will discuss relevant structures and molecules investigated in this thesis.  
1.9.1 Lipid Raft and Lipid Distribution Lipid rafts are membrane microdomains that are enriched in cholesterol and saturated glycosphingolipids (Simons and Sampaio 2011; Causeret et al. 2005). Lipid rafts enable proteins to cluster at the plasma membrane, facilitating increased ligand affinities (Lang et al. 1998) and as such are involved in cell polarisation (Gómez-Moutón et al. 2004; Viola and Gupta 2007). UECs exhibit an elevated concentration of glycosphingolipids and cholesterol at the apical surface at the time of implantation which may provide a rigid membrane (Petrache et al. 2005; Tabas 2002). Flotillin, a lipid raft marker, has been found to shift apically at the time of implantation from the basal plasma membrane (Lecce et al. 2013), suggesting that a polarised distribution of lipids and lipid rafts may be a mechanism to maintain epithelial integrity at a time when junctional structures such as focal adhesions (Kaneko et al. 2011; Kaneko et al. 2009) and desmosomes (Preston et al. 2004) and associated proteins are down regulated to allow successful implantation.  
1.9.1.1 Caveolae Caveolae are omega (Ω) shaped invaginations of the plasma membrane that are 100 nm in diameter.  They were first observed in endothelial cells (Palade 1953) and also the epithelial cells of the gall bladder (Yamada 1955). Caveolae are considered to be specialised plasma membrane subdomains that are enriched in cholesterol, glycosphingolipids and GPI anchored proteins. These structures have been observed in a number of cell types and are involved in endocytosis, signal transduction, and cholesterol and lipid transport (Sargiacomo et al. 1993; Parton 
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et al. 1994; Murata et al. 1995; Smart et al. 1995; Fra et al. 1995; Schlegel et al. 1998). 
1.9.2 Actin Cytoskeleton The actin cytoskeleton plays an important role in the formation of a number of key cellular structures such as the terminal web, microvilli, and cellular junctions, which form the basis of cell polarity and plasma membrane stability (Li and Gundersen 2008). Remodelling of the actin cytoskeleton occurs in UECs during the transition from a non-receptive to a receptive state (Luxford and Murphy 1992b; Terry et al. 1996). Actin cytoskeletal changes are mediated by actin binding proteins, a number of which have been investigated in the uterus during early pregnancy including  
plectin and  α-actinin, which both localise apically in UECs at the time of implantation (Terry et al. 1996; Murphy and Shaw 1994) 
1.9.3 Cellular Junctions Cellular junctions such as the adherens junction and the tight junction serve to separate the apical domain from the rest of the cell. In addition to this, these structures also contribute to a polarised epithelial phenotype. 
1.9.3.1 Tight Junction The tight junction (zonula occludens) of polarised epithelial cells is responsible for the formation of an apical seal between adjacent epithelial cells (Fanning et al. 1999). Tight junctions control the diffusion of proteins and molecules between apical and basolateral cell membranes and regulate ion, water and molecular transport through the paracellular pathway (Tsukita et al. 2009). Claudin, occludin and tricellulin are key proteins of the tight junctional complex.  Tight junctions in UECs have been shown to increase in depth at the time of implantation when compared to the time of fertilisation (Murphy et al. 1982). 
1.9.3.2 Adherens Junction The adherens junction (zonula adherens) is a lateral junction that links the actin cytoskeleton of adjacent UECs and functions to maintain cell to cell contact and resists mechanical stresses (Hartsock and Nelson 2008). The adherens junction is comprised of two adhesion complexes which are the E Cadherin-Catenin complex 
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and the Nectin-Afadin-Ponsin (NAP) complex (Asakura et al. 1999). At cell-cell adherens junctions cadherins interact with each other at the extracellular surface in a Ca2+ dependent manner as well as with the actin cytoskeleton at the cytoplasmic interface through F-actin binding peripheral membrane proteins α-
actinin, α/β-catenin, and vinculin (Asakura et al. 1999; Li et al. 2002). 
1.9.3.3 Focal adhesions Focal adhesions were observed as electron dense plaques between the cell and the substratum in cultured cells and were considered at first to be an artefact, as they were not so easily observed in vivo (Abercrombie and Dunn 1975; Abercrombie et al. 1971; Burridge et al. 1988). Focal adhesions are comprised of a number of structural, signalling adaptor and scaffolding proteins which serve to link cytoskeletal actin fibres and the extracellular matrix (ECM) (Burridge and Chrzanowska-Wodnicka 1996). Adhesion to the ECM is mediated primarily by integrins which cluster with other proteins at focal adhesions. Focal adhesions have been observed in many cell types including fibroblasts, endothelial, and epithelial cells (Burridge et al. 1988). There is similarity between cells adhering to substratum in vitro and those adhering to an extracellular matrix (ECM) in vivo (Burridge et al. 1988). This is evident in smooth muscle cells that display dense plaques where focal adhesion proteins vinculin, and talin were identified (Burridge et al. 1988; Burridge and Chrzanowska-Wodnicka 1996; Burridge and Connell 1983a, b; Geiger et al. 1984; Elad et al. 2013). Focal adhesion proteins vinculin, talin and paxillin have been used as markers of focal adhesions and hence allow visualisation of these structures (Burridge et al. 1988; Turner et al. 1990; Burridge and Tsukita 2001; Dubash et al. 2009; Geiger et al. 1984; Elad et al. 2013). A schematic representation of focal adhesion is shown in figure 1.7.   
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Figure 1.7 Schematic representation of focal adhesions The focal adhesion is comprised of an adhesion complex, which provides a structural link between the intracellular actin stress fibres and the ECM. Upon integrin mediated activation, numerous focal adhesion proteins are recruited to sites of focal adhesions, and thus provide a central site for signal transduction. Adapted from Giancotti and Ruoslahti (1999)  
1.10 CAVEOLIN Caveolin is an integral membrane protein which is a major component of omega shaped invaginations of the plasma membrane known as caveolae. There are three members of the caveolin family caveolin-1, caveolin-2 and caveolin-3 (Williams and Lisanti 2004). Caveolin-1 and caveolin-2 are expressed ubiquitously, and caveolin 3 is expressed in striated muscle cell types (cardiac and skeletal) (Song et al. 1996).  
1.10.1 Structure When inserted in the plasma membrane, caveolin assumes a hairpin like orientation with both the N- and C-termini cytoplasmically orientated (Rothberg et al. 1992; Sargiacomo et al. 1995; Scherer et al. 1995). Caveolin consists of a membrane bound domain and a scaffolding domain in addition to the N and C termini (Stan 2005). The scaffolding domain of caveolin is essential for the formation of both homo and hetero oligomers of caveolin which range between 350-450 kDa in size; and is also the region responsible for the interaction of caveolin with cholesterol and signalling molecules (Murata et al. 1995; Sargiacomo et al. 1995; Engelman et al. 1998). Post-translational modifications of caveolin include palmitoylation on three cysteine residues, phosphorylation on tyrosine 14 
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and 19 residues and serine 22 and 23 residues (Okamoto et al. 1998; Sargiacomo et al. 1993; Li et al. 1996). A schematic diagram of caveolin and its isoforms can be seen in figure 1.8. 
 
Figure 1.8 Schematic Diagram of domain structure of Caveolin proteins and membrane 
insertion.  Caveolin proteins differ in the length of their N-terminus. They all share a scaffolding domain (CSD) and transmembrane domain. When caveolin is inserted in the membrane both N and C termini are cytoplasmically oriented. Adapted from Branza-Nichita et al. (2012); Cohen et al. (2004).  
1.10.2 In Epithelia Caveolin 1 and 2 have been found in a number of tissues. Polarised epithelial cells of the retina, small intestine, kidney, and lung all have morphological caveolae and caveolin proteins (Breton et al. 1998; Andoh et al. 2001; Orlichenko et al. 2005; Mora et al. 2006; Hackett et al. 2013; Krasteva et al. 2006). The function of caveolin proteins and morphological caveolae include endocytosis, cholesterol transport throughout the cells, and also signal transduction (Sargiacomo et al. 1993; Parton et al. 1994; Murata et al. 1995; Smart et al. 1996). 
1.10.3 In Reproduction Caveolin is present in a number of polarised epithelial cells (Schlegel et al. 1998), , given the functions of caveolin mentioned earlier, caveolin may be involved in the 
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development of uterine receptivity. Caveolin has only been investigated in the myometrium of ovariectomised rats with regards to its mRNA expression (Turi et al. 2001).  Given this and previous studies documenting caveolin in epithelia of other tissues, this thesis focused on the cellular localisation and protein expression of caveolin 1 and 2 in the endometrium during early pregnancy and the hormonal control of these proteins in the rat.  
1.11 CAVINS Cavins are a family of peripheral membrane proteins (Hayer et al. 2010) of which there are four members. PTRF (RNA pol I transcription factor) also known as cavin 1; SDPR (serum deprivation protein response) also known as cavin 2; SBRC (sdr related gene product that binds to C kinase) also known as cavin 3; and MURC (muscle restricted coiled-coiled protein) also known as cavin 4. Cavin proteins are conserved among mammals and the homology between family members is found within the N terminus (Bastiani et al. 2009). All members of this family have been found to be present in caveolar membranes (Bastiani et al. 2009; Liu and Pilch 2008; Hill et al. 2008; Hansen et al. 2009; McMahon et al. 2009) where they serve to regulate caveolae formation and  dynamics (Briand et al. 2011).  
1.11.1 Structure 
1.11.1.1 PTRF PTRF was originally identified as a nuclear factor that regulates transcription in cells in vitro (Jansa and Grummt 1999) where it induces the dissociation of transcription complexes and facilitates the reinitiation of RNA polymerase I (Aboulaich et al. 2004; Jansa et al. 2001; Jansa and Grummt 1999). It was found to be associated with caveolae in adipocytes at first, and later in other tissues (Voldstedlund et al. 2001) where it stabilised caveolae at the plasma membrane (Hill et al. 2008; Liu and Pilch 2008). PTRF consists of two PEST domains (sequence enriched in proline, glutamic acid, serine and threonine) which are known to serve as a recognition domain for proteolysis; a nuclear localisation signal domain and also putative leucine zippers which are involved in dimerization and protein-protein interactions associated with DNA binding  (Hansen and 
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Nichols 2010; Aboulaich et al. 2004; Tan and Richmond 1990). The structural domains of PTRF are shown in figure 1.9. 
 
Figure 1.9 Schematic diagram showing the domain structure of PTRF PTRF is comprised of two PEST domains (sequence enriched in proline, glutamic acid, serine and threonine); a nuclear localisation signal domain (NLS) and also putative leucine zippers (LZ). Adapted from Aboulaich et al (2004). 
1.11.1.2 SDPR 
SDPR is a protein kinase C (PKC) binding protein involved in the targeting of αPKC to caveolae (Mineo et al. 1998). SDPR shares more than twenty percent homology with PTRF and has been found to co-localise with caveolin-1 and is enriched in isolated caveolar membranes (Briand et al. 2011; Hansen et al. 2009; Hansen and Nichols 2010). While SDPR alone does not promote caveolar formation it does 
affect the morphology of caveolae due to its targeting of αPKC which regulates membrane invagination (Mineo et al. 1998; Aboulaich et al. 2004). SDPR consists of two PEST domains, and a putative leucine zipper (Hansen and Nichols 2010; Aboulaich et al. 2004; Tan and Richmond 1990). The structural domains of SDPR are shown in figure 1.10.  
 
Figure 1.10 Schematic diagram showing the domain structure of SDPR SDPR is comprised of two PEST domains (sequence enriched in proline, glutamic acid, serine and threonine), and a putative leucine zipper (LZ) Adapted from Aboulaich et al (2004). 
1.11.2 In Epithelia 
1.11.2.1 PTRF  PTRF has been observed in prostate epithelium and the androgen-independent prostate cancer cell line (PC3) (Gould et al. 2010; Moon et al. 2013), as well as in epithelial cells of the lung (Liu et al. 2008) where it was associated with morphological caveolae. Caveolae formation in cells lacking PTRF has been shown to be reduced; as such, PTRF expression has been demonstrated to be important for the formation of caveolae where association with caveolin at the plasma 
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membrane generated membrane curvature (Vinten et al. 2005; Hill et al. 2008; Liu and Pilch 2008; Chadda and Mayor 2008). 
1.11.2.2 SDPR SDPR has been observed in epithelial cells of the mammary and prostate glands as well as kidney tubules (Li et al. 2008; Mineo et al. 1998). SDPR expression in these tissues was found to be suppressed in cancerous epithelial cells of breast, kidney and prostate (Li et al. 2008). SDPR has been demonstrated to induce membrane curvature and caveolae membrane tubulation (Hansen et al. 2009).   
1.11.3 In Reproduction PTRF and SDPR have not been previously investigated in the uterus, and have yet to be investigated during pregnancy. PTRF and SDPR have been documented to induce membrane curvature in other cells (Hansen et al. 2009). At the time of implantation there is an increase in tortuosity of the basolateral plasma membrane of UECs (Murphy and Shaw 1994; Shion and Murphy 1995; Murphy 2001), PTRF and SDPR are likely candidates that facilitate this increase in membrane curvature and as such this is the first study to investigate PTRF and SDPR in the uterus during early pregnancy.  
1.12 Focal Adhesion Proteins 
1.12.1 Structure 
1.12.1.1 Talin Talin is a high molecular weight homodimer (Beckerle et al. 1987) that binds to multiple focal adhesion proteins including vinculin, integrins, focal adhesion kinase (FAK) and actin (Hemmings et al. 1996; Bubeck et al. 1997; Patil et al. 1999; Calderwood et al. 1999; Tadokoro et al. 2003; Nayal et al. 2004). Talin consists of a C-terminal rod domain and N-terminal head domain which includes the FERM domain with three subdomains F1, 2 and 3 (Calderwood et al. 2003; Garcia-Alvarez et al. 2003). The F3 domain in particular is the region that binds to cytoplasmic 
tails of β integrins for integrin activation (Calderwood et al. 1999; Garcia-Alvarez et al. 2003). The structural domains of Talin are shown in figure 1.11. 
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Figure 1.11 Schematic diagram of showing the domain structure of talin.  Talin is comprised of a 47 kDa N-terminus head and a 190 kDa C-terminus rod domain, the junction between these two regions is the site for cleavage of talin by calpain 2. The FERM domain is responsible for binding with β integrin tails. Adapted from Tanentzapf and Brown (2006).  
1.12.1.2 Paxillin Paxillin was identified as a substrate for the non-receptor tyrosine kinase oncogene pp60v-Src on Rous sarcoma virus transformed fibroblasts (Glenney 1989). Paxillin is comprised of five leucine rich LD motifs at the N terminus, which are important in protein recognition. The C-terminus contains four LIM domains, which serve to mediate protein-protein interactions (Brown et al. 2005; Brown and Turner 2004; Tumbarello et al. 2005; Turner 2000b). Phosphorylation of paxillin at multiple tyrosine and serine/threonine sites is responsible for regulating the localisation of paxillin to focal adhesions; particularly serine/threonine at LIM 2 and 3 domains (Dawid et al. 1998; Brown and Turner 2004; Turner 2000b). There are four alternative splice variants of paxillin, paxillin 
α, β, γ and δ (Brown and Turner 2004; Mazaki et al. 1997; Yamaguchi et al. 1997). Paxillin β and γ have an additional short sequence at the N-terminus of paxillin α, 
while paxillin δ lacks two tyrosine phosphorylation sites (Tumbarello et al. 2005). The domain structure of paxillin is shown in figure 1.12. 
 
Figure 1.12 Schematic diagram showing the domain structure of paxillin Paxillin is comprised of five leucine rich LD motifs at the N terminus which are important in protein recognition, the C-terminus contains four LIM domains which serve to mediate protein-protein interactions and target paxillin to focal adhesions. Adapted from Turner (2000). 
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1.12.2 In Epithelia 
1.12.2.1 Talin Talin has been observed in epithelia from a number of organs such as the cornea (Paallysaho and Williams 1991), kidney (Nuckolls et al. 1990), skin (Hentula et al. 2001) and mammary glands (Wang et al. 2011). 
1.12.2.2 Paxillin Paxillin has been observed in epithelia of the cornea (Kimura et al. 2008; Teranishi et al. 2009), stomach, colon, mammary and salivary glands and skin (Yuminamochi et al. 2003). Paxillin has been shown to play an important role in cell migration, a process that requires remodelling of the actin cytoskeleton (Turner 2000a, b). 
1.12.3 In Reproduction Talin and paxillin have been investigated previously in the rat uterus during early pregnancy; where both talin and paxillin were found to be concentrated at the basal plasma membrane at the time of fertilisation, and were lost from sites of focal adhesions at the time of implantation (Kaneko et al. 2009; Kaneko et al. 2008). 
1.13 Filamin A Filamin A (FLNA) is an F-actin cross linking protein that forms orthogonal networks of actin in vitro and in vivo (Davies et al. 1978; Feng and Walsh 2004; van der Flier and Sonnenberg 2001).  
1.13.1 Structure FLNA is comprised of two 280 kDa subunits that form homodimers at the C-terminus, the N- terminus contains an actin binding domain where orthogonal actin networks are arranged in vitro (Boxer and Stossel 1976; Gorlin et al. 1990; Hartwig and Stossel 1975; Stossel et al. 2001). FLNA has been reported to interact with a number of proteins (van der Flier and Sonnenberg 2001) that are membrane receptors for cell signalling molecules such as integrins (Cunningham et al. 1992; Gorlin et al. 1990; Stossel et al. 2001). The domain structure of filamin A is seen in figure 1.13.  
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Figure 1.13 Schematic diagram showing the domain structure of filamin A.  FLNA is comprised of two 280 kDa subunits that form homodimers at its self-association domain at the C-terminus, and interacts with actin via the actin binding domain in the N- terminus. Adapted from van der Flier and Sonnenberg (2001) 
1.13.2 In Epithelia FLNA has a wide tissue distribution. It has been found in epithelial cells of the lung intestine (Bretscher and Weber 1978), kidney (Torrado et al. 2004), mammary gland (Gehler et al. 2009; Donaldson et al. 2002) and testis (Mittal et al. 1987). FLNA in these cells cross links F-actin to form orthogonal networks, and hence contributes to the structural integrity of cells (Esue et al. 2009).   
1.13.3 In Reproduction FLNA has not been investigated in the uterus and has yet to be studied with regards to implantation. Considering the number of actin cytoskeletal changes that luminal uterine epithelial cells and stromal cells undergo leading to implantation (Luxford and Murphy 1992a, 1989; Shaw et al. 1998; Venuto et al. 2008), FLNA is likely to be involved in facilitating remodelling of the actin cytoskeleton, and hence contribute to the maintenance of a polarised epithelium during early pregnancy.  
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1.14 Afadin Afadin is an F-actin binding protein found to be associated with the adherens junction where it forms a complex with nectin and ponsin (Tanaka-Okamoto et al. 2011; Mandai et al. 1997; Hartsock and Nelson 2008). 
1.14.1 Structure The largest afadin protein is called I-afadin; it binds to F-actin through its F-actin binding domain in the C-terminus.  I-afadin associates with other proteins through its other protein domains, which include two Ras-associated domains, fork head-associated domain, dilute domain, PDZ domain, and three proline rich domains (Takai et al. 2008; Toyoshima et al. 2014). The domain structure of afadin is shown in figure 1.14. 
 
Figure 1.14 Schematic diagram showing the domain structure of afadin. Afadin interacts with a number of proteins through its many protein domains these include two Ras-associated domains (RA1, RA2), fork head-associated domain (FHA), dilute domain (DIL), PDZ domain, and three proline rich domains (PR1, PR2, PR3). Binding to F-actin is mediated by the F-actin binding domain in the C-terminus. Adapted from Takai et al (2008). 
1.14.2 In Epithelia Afadin is localised to the apical junctions of luminal epithelial cells of the small intestine (Ikeda et al. 1999; Tanaka-Okamoto et al. 2011) and human colon cancer cell lines (Sun et al. 2014). In particular afadin has been investigated in polarised epithelia due to its association with cell-cell junctions such as the adherens junction. As was mentioned earlier, lateral membrane junctions are a characteristic of a polarised epithelial cell phenotype (Tsukita et al. 2009). 
1.14.3 In Reproduction Afadin has not been investigated in the uterus; however, due to its association with F-actin as well as α catenin and β catenin, two proteins that are localised to the adherens junction (Hartsock and Nelson 2008), afadin has been purported to be associated with such cell-cell contacts in uterine epithelium (Singh and Aplin 
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2009). The association of afadin to the adherens junction in other cells where it binds to nectin, is of interest in UECs where the morphological adherens junction is lost at the time of implantation. 
1.15 Aims Each of the molecules mentioned here participates in cell polarity in other epithelial cells; and as such their potential involvement in the changes that UECs undergo during early pregnancy is investigated in this thesis. This thesis aims to investigate the localisation, expression and hormonal regulation of caveolin-1, caveolin-2, PTRF, SDPR, filamin A, and afadin during early pregnancy in the rat. The results of this study will help elucidate how the UECs maintain epithelial polarity during early pregnancy. 
  
CHAPTER 1  INTRODUCTION 
27  
1.16 REFERENCES 
Abercrombie M, Dunn GA (1975) Adhesions of fibroblasts to substratum during contact inhibition observed by interference reflection microscopy. Experimental Cell Research 92 (1):57-62. doi:http://dx.doi.org/10.1016/0014-4827(75)90636-9 
Abercrombie M, Heaysman JEM, Pegrum SM (1971) The locomotion of fibroblasts in culture. Iv. Electron microscopy of the leading lamella. Experimental Cell Research 67 (2):359-367 
Aboulaich N, Vainonen JP, Stralfors P, Vener AV (2004) Vectorial proteomics reveal targeting, phosphorylation and specific fragmentation of polymerase i and transcript release factor (ptrf) at the surface of caveolae in human adipocytes. Biochem J 383 (Pt 2):237-248. doi:10.1042/bj20040647 
Abrahamsohn P, Lundkvist O, Nilsson O (1983) Ultrastructure of the endometrial blood vessels during implantation of the rat blastocyst. Cell Tissue Res 229 (2):269-280 
Abrahamsohn PA, Zorn TM (1993) Implantation and decidualization in rodents. The Journal of experimental zoology 266 (6):603-628. doi:10.1002/jez.1402660610 
Allen WM (1931) I. Cyclical alterations of the endometrium of the rat during the normal cycle, pseudopregnancy, and pregnancy. Ii. Production of deciduomata during pregnancy. The Anatomical Record 48 (1):65-103. doi:10.1002/ar.1090480106 
Andoh A, Saotome T, Sato H, Tsujikawa T, Araki Y, Fujiyama Y, Bamba T 
(2001) Epithelial expression of caveolin-2, but not caveolin-1, is enhanced in the inflamed mucosa of patients with ulcerative colitis. Inflamm Bowel Dis 7 (3):210-214 
Aplin JD (1997) Adhesion molecules in implantation. Reviews of reproduction 2 (2):84-93 
Asakura T, Nakanishi H, Sakisaka T, Takahashi K, Mandai K, Nishimura M, 
Sasaki T, Takai Y (1999) Similar and differential behaviour between the nectin-afadin-ponsin and cadherin-catenin systems during the formation 
CHAPTER 1  INTRODUCTION 
28  
and disruption of the polarized junctional alignment in epithelial cells. Genes to Cells 4 (10):573-581. doi:10.1046/j.1365-2443.1999.00283.x 
Austin CR, Short RV (1984) Reproduction in mammals. Iii. Hormonal control of reproduction. Cambridge University Press, Cambridge 
Bastiani M, Liu L, Hill MM, Jedrychowski MP, Nixon SJ, Lo HP, Abankwa D, 
Luetterforst R, Fernandez-Rojo M, Breen MR, Gygi SP, Vinten J, Walser 
PJ, North KN, Hancock JF, Pilch PF, Parton RG (2009) Murc/cavin-4 and cavin family members form tissue-specific caveolar complexes. J Cell Biol 185 (7):1259-1273. doi:10.1083/jcb.200903053 
Beckerle MC, Burridge K, DeMartino GN, Croall DE (1987) Colocalization of calcium-dependent protease ii and one of its substrates at sites of cell adhesion. Cell 51 (4):569-577 
Bevilacqua EM, Faria MR, Abrahamsohn PA (1991) Growth of mouse ectoplacental cone cells in subcutaneous tissues. Development of placental-like cells. The American journal of anatomy 192 (4):382-399. doi:10.1002/aja.1001920406 
Boxer LA, Stossel TP (1976) Interactions of actin, myosin, and an actin-binding protein of chronic myelogenous leukemia leukocytes. The Journal of clinical investigation 57 (4):964-976. doi:10.1172/jci108373 
Breton S, Lisanti MP, Tyszkowski R, McLaughlin M, Brown D (1998) Basolateral distribution of caveolin-1 in the kidney. Absence from h+-atpase-coated endocytic vesicles in intercalated cells. J Histochem Cytochem 46 (2):205-214 
Bretscher A, Weber K (1978) Localization of actin and microfilament-associated proteins in the microvilli and terminal web of the intestinal brush border by immunofluorescence microscopy. The Journal of Cell Biology 79 (3):839-845. doi:10.1083/jcb.79.3.839 
Briand N, Dugail I, Le Lay S (2011) Cavin proteins: New players in the caveolae field. Biochimie 93 (1):71-77. doi:10.1016/j.biochi.2010.03.022 
Brown MC, Cary LA, Jamieson JS, Cooper JA, Turner CE (2005) Src and fak kinases cooperate to phosphorylate paxillin kinase linker, stimulate its focal 
CHAPTER 1  INTRODUCTION 
29  
adhesion localization, and regulate cell spreading and protrusiveness. Mol Biol Cell 16 (9):4316-4328. doi:10.1091/mbc.E05-02-0131 
Brown MC, Turner CE (2004) Paxillin: Adapting to change. Physiol Rev 84 (4):1315-1339. doi:10.1152/physrev.00002.2004 
Bubeck P, Pistor S, Wehland J, Jockusch BM (1997) Ligand recruitment by vinculin domains in transfected cells. J Cell Sci 110 ( Pt 12):1361-1371 
Burridge K, Chrzanowska-Wodnicka M (1996) Focal adhesions, contractility, and signaling. Annual review of cell and developmental biology 12:463-518. doi:10.1146/annurev.cellbio.12.1.463 
Burridge K, Connell L (1983a) A new protein of adhesion plaques and ruffling membranes. J Cell Biol 97 (2):359-367 
Burridge K, Connell L (1983b) Talin: A cytoskeletal component concentrated in adhesion plaques and other sites of actin-membrane interaction. Cell motility 3 (5-6):405-417 
Burridge K, Fath K, Kelly T, Nuckolls G, Turner C (1988) Focal adhesions: Transmembrane junctions between the extracellular matrix and the cytoskeleton. Annual review of cell biology 4:487-525. doi:10.1146/annurev.cb.04.110188.002415 
Burridge K, Tsukita S (2001) Editorial overview: Cell-to-cell contact and extracellular matrix. Current Opinion in Cell Biology 13 (5):525-528. doi:http://dx.doi.org/10.1016/S0955-0674(00)00246-5 
Calderwood DA, Fujioka Y, de Pereda JM, Garcia-Alvarez B, Nakamoto T, 
Margolis B, McGlade CJ, Liddington RC, Ginsberg MH (2003) Integrin beta cytoplasmic domain interactions with phosphotyrosine-binding domains: A structural prototype for diversity in integrin signaling. Proc Natl Acad Sci U S A 100 (5):2272-2277. doi:10.1073/pnas.262791999 
Calderwood DA, Zent R, Grant R, Rees DJ, Hynes RO, Ginsberg MH (1999) The talin head domain binds to integrin beta subunit cytoplasmic tails and regulates integrin activation. J Biol Chem 274 (40):28071-28074 
Carson DD, Julian J, Jacobs AL (1992) Uterine stromal cell chondroitin sulfate proteoglycans bind to collagen type i and inhibit embryo outgrowth in vitro. Dev Biol 149 (2):307-316 
CHAPTER 1  INTRODUCTION 
30  
Causeret M, Taulet N, Comunale F, Favard C, Gauthier-Rouviere C (2005) N-cadherin association with lipid rafts regulates its dynamic assembly at cell-cell junctions in c2c12 myoblasts. Mol Biol Cell 16 (5):2168-2180. doi:10.1091/mbc.E04-09-0829 
Chadda R, Mayor S (2008) Ptrf triggers a cave in. Cell 132 (1):23-24. doi:http://dx.doi.org/10.1016/j.cell.2007.12.021 
Chavez DJ, Enders AC, Schlafke S (1984) Trophectoderm cell subpopulations in the periimplantation mouse blastocyst. The Journal of experimental zoology 231 (2):267-271. doi:10.1002/jez.1402310211 
Christofferson RH, Nilsson BO (1988) Morphology of the endometrial microvasculature during early placentation in the rat. Cell Tissue Res 253 (1):209-220 
Cornillie FJ, Lauweryns JM, Brosens IA (1985) Normal human endometrium. An ultrastructural survey. Gynecologic and obstetric investigation 20 (3):113-129 
Cunningham C, Gorlin J, Kwiatkowski D, Hartwig J, Janmey P, Byers H, Stossel 
T (1992) Actin-binding protein requirement for cortical stability and efficient locomotion. Science 255 (5042):325-327. doi:10.1126/science.1549777 
Das RM, Martin L (1973) Progesterone inhibition of mouse uterine epithelial proliferation. The Journal of endocrinology 59 (1):205-206 
Davies PJA, Wallach D, Willingham MC, Pastan I, Yamaguchi M, Robson RM 
(1978) Filamin-actin interaction. Dissociation of binding from gelatin by ca2+-activated proteolysis. Journal of Biological Chemistry 253 (11):4036-4042 
Dawid IB, Breen JJ, Toyama R (1998) Lim domains: Multiple roles as adapters and functional modifiers in protein interactions. Trends in genetics : TIG 14 (4):156-162 
Donaldson JC, Dise RS, Ritchie MD, Hanks SK (2002) Nephrocystin-conserved domains involved in targeting to epithelial cell-cell junctions, interaction with filamins, and establishing cell polarity. Journal of Biological Chemistry 277 (32):29028-29035 
CHAPTER 1  INTRODUCTION 
31  
Doyle LL, Noyes RW, Gates AH (1963) Asynchronous transfer of mouse ova. Fertility and Sterility 14 (2):215-& 
Dubash AD, Menold MM, Samson T, Boulter E, García-Mata R, Doughman R, 
Burridge K (2009) Chapter 1 focal adhesions: New angles on an old structure. In: Kwang WJ (ed) International review of cell and molecular biology, vol Volume 277. Academic Press, pp 1-65. doi:http://dx.doi.org/10.1016/S1937-6448(09)77001-7 
Elad N, Volberg T, Patla I, Hirschfeld-Warneken V, Grashoff C, Spatz JP, 
Fassler R, Geiger B, Medalia O (2013) The role of integrin-linked kinase in the molecular architecture of focal adhesions. J Cell Sci 126 (Pt 18):4099-4107. doi:10.1242/jcs.120295 
Enders AC (1975) The implantation chamber, blastocyst and blastocyst imprint of the rat; a scanning electron microscope study. Anat Rec 182 (2):137-149. doi:10.1002/ar.1091820202 
Enders AC, Schlafke S (1967) A morphological analysis of the early implantation stages in the rat. American Journal of Anatomy 120 (2):185-225. doi:10.1002/aja.1001200202 
Enders AC, Schlafke S (1969) Cytological aspects of trophoblast-uterine interaction in early implantation. The American journal of anatomy 125 (1):1-29. doi:10.1002/aja.1001250102 
Enders AC, Schlafke S, Welsh AO (1980) Trophoblastic and uterine luminal epithelial surfaces at the time of blastocyst adhesion in the rat. The American journal of anatomy 159 (1):59-72. doi:10.1002/aja.1001590106 
Engelman JA, Chu C, Lin A, Jo H, Ikezu T, Okamoto T, Kohtz DS, Lisanti MP 
(1998) Caveolin-mediated regulation of signaling along the p42/44 map kinase cascade in vivo. A role for the caveolin-scaffolding domain. FEBS Lett 428 (3):205-211 
Esue O, Tseng Y Fau - Wirtz D, Wirtz D (2009) Alpha-actinin and filamin cooperatively enhance the stiffness of actin filament networks. PLoS One 4(2):e441 (1932-6203 (Electronic)). doi:D - NLM: PMC2635933 EDAT- 2009/02/10 09:00 MHDA- 2009/04/02 09:00 CRDT- 2009/02/10 09:00 PHST- 2008/12/06 [received] PHST- 2009/01/09 [accepted] PHST- 
CHAPTER 1  INTRODUCTION 
32  
2009/02/09 [epublish] AID - 10.1371/journal.pone.0004411 [doi] PST - ppublish 
Fanning AS, Mitic LL, Anderson JM (1999) Transmembrane proteins in the tight junction barrier. Journal of the American Society of Nephrology : JASN 10 (6):1337-1345 
Fawcett DW (1950) The development of mouse ova under the capsule of the kidney. The Anatomical Record 108 (1):71-91. doi:10.1002/ar.1091080107 
Feng Y, Walsh CA (2004) The many faces of filamin: A versatile molecular scaffold for cell motility and signalling. Nat Cell Biol 6 (11):1034-1038. doi:10.1038/ncb1104-1034 
Finn CA (1971) The biology of decidual cells. Advances in reproductive physiology 5:1-26 
FINN CA, HINCHLIFFE JR (1965) Histological and histochemical analysis of the formation of implantation chambers in the mouse uterus. J Reprod Fertil 9 (3):301-309. doi:10.1530/jrf.0.0090301 
Finn CA, Keen PM (1963) The induction of deciduomata in the rat. Journal of embryology and experimental morphology 11:673-682 
Finn CA, Lawn AM (1967) Specialized junctions between decidual cells in the uterus of the pregnant mouse. Journal of Ultrastructure Research 20 (5–6):321-327. doi:http://dx.doi.org/10.1016/S0022-5320(67)80102-3 
Finn CA, Martin L (1974) The control of implantation. J Reprod Fertil 39 (1):195-206 
Fra AM, Williamson E, Simons K, Parton RG (1995) De novo formation of caveolae in lymphocytes by expression of vip21-caveolin. Proc Natl Acad Sci U S A 92 (19):8655-8659 
Garcia-Alvarez B, de Pereda JM, Calderwood DA, Ulmer TS, Critchley D, 
Campbell ID, Ginsberg MH, Liddington RC (2003) Structural determinants of integrin recognition by talin. Molecular cell 11 (1):49-58 
Gehler S, Baldassarre M, Lad Y, Leight JL, Wozniak MA, Riching KM, Eliceiri 
KW, Weaver VM, Calderwood DA, Keely PJ (2009) Filamin a–β1 integrin complex tunes epithelial cell response to matrix tension. Molecular Biology of the Cell 20 (14):3224-3238. doi:10.1091/mbc.E08-12-1186 
CHAPTER 1  INTRODUCTION 
33  
Geiger B, Avnur Z, Rinnerthaler G, Hinssen H, Small VJ (1984) Microfilament-organizing centers in areas of cell contact: Cytoskeletal interactions during cell attachment and locomotion. J Cell Biol 99 (1 Pt 2):83s-91s 
Glenney JR, Jr. (1989) Tyrosine phosphorylation of a 22-kda protein is correlated with transformation by rous sarcoma virus. J Biol Chem 264 (34):20163-20166 
Gómez-Moutón C, Lacalle RA, Mira E, Jiménez-Baranda S, Barber DF, Carrera 
AC, Martínez-A. C, Mañes S (2004) Dynamic redistribution of raft domains as an organizing platform for signaling during cell chemotaxis. The Journal of Cell Biology 164 (5):759-768. doi:10.1083/jcb.200309101 
Gorlin JB, Yamin R, Egan S, Stewart M, Stossel TP, Kwiatkowski DJ, Hartwig JH 
(1990) Human endothelial actin-binding protein (abp-280, nonmuscle filamin): A molecular leaf spring. The Journal of Cell Biology 111 (3):1089-1105. doi:10.1083/jcb.111.3.1089 
Gould ML, Williams G, Nicholson HD (2010) Changes in caveolae, caveolin, and polymerase 1 and transcript release factor (ptrf) expression in prostate cancer progression. The Prostate 70 (15):1609-1621. doi:10.1002/pros.21195 
Hackett TL, de Bruin HG, Shaheen F, van den Berge M, van Oosterhout AJ, 
Postma DS, Heijink IH (2013) Caveolin-1 controls airway epithelial barrier function. Implications for asthma. American journal of respiratory cell and molecular biology 49 (4):662-671. doi:10.1165/rcmb.2013-0124OC 
Hansen CG, Bright NA, Howard G, Nichols BJ (2009) Sdpr induces membrane curvature and functions in the formation of caveolae. Nat Cell Biol 11 (7):807-814. doi:10.1038/ncb1887 
Hansen CG, Nichols BJ (2010) Exploring the caves: Cavins, caveolins and caveolae. Trends Cell Biol 20 (4):177-186. doi:10.1016/j.tcb.2010.01.005 
Hartsock A, Nelson WJ (2008) Adherens and tight junctions: Structure, function and connections to the actin cytoskeleton. Biochimica et biophysica acta 1778 (3):660-669. doi:10.1016/j.bbamem.2007.07.012 
CHAPTER 1  INTRODUCTION 
34  
Hartwig JH, Stossel TP (1975) Isolation and properties of actin, myosin, and a new actinbinding protein in rabbit alveolar macrophages. J Biol Chem 250 (14):5696-5705 
Hayer A, Stoeber M, Bissig C, Helenius A (2010) Biogenesis of caveolae: Stepwise assembly of large caveolin and cavin complexes. Traffic 11 (3):361-382. doi:10.1111/j.1600-0854.2009.01023.x 
Hemmings L, Rees DJ, Ohanian V, Bolton SJ, Gilmore AP, Patel B, Priddle H, 
Trevithick JE, Hynes RO, Critchley DR (1996) Talin contains three actin-binding sites each of which is adjacent to a vinculin-binding site. J Cell Sci 109 ( Pt 11):2715-2726 
Hentula M, Peltonen J, Peltonen S (2001) Expression profiles of cell-cell and cell-matrix junction proteins in developing human epidermis. Archives of dermatological research 293 (5):259-267 
Hill JA (2001) Maternal-embryonic cross-talk. Annals of the New York Academy of Sciences 943:17-25 
Hill MM, Bastiani M, Luetterforst R, Kirkham M, Kirkham A, Nixon SJ, Walser 
P, Abankwa D, Oorschot VM, Martin S, Hancock JF, Parton RG (2008) Ptrf-cavin, a conserved cytoplasmic protein required for caveola formation and function. Cell 132 (1):113-124. doi:10.1016/j.cell.2007.11.042 
Hubscher CH, Brooks DL, Johnson JR (2005) A quantitative method for assessing stages of the rat estrous cycle. Biotechnic & histochemistry : official publication of the Biological Stain Commission 80 (2):79-87. doi:10.1080/10520290500138422 
Ikeda W, Nakanishi H, Miyoshi J, Mandai K, Ishizaki H, Tanaka M, Togawa A, 
Takahashi K, Nishioka H, Yoshida H, Mizoguchi A, Nishikawa S, Takai Y 
(1999) Afadin: A key molecule essential for structural organization of cell-cell junctions of polarized epithelia during embryogenesis. J Cell Biol 146 (5):1117-1132 
Isaacs J, Murphy CR (2003) Ultrastructural localisation of muc-1 on the plasma membrane of uterine epithelial cells. Acta Histochem 105 (3):239-243. doi:10.1078/0065-1281-00712 
CHAPTER 1  INTRODUCTION 
35  
Jansa P, Burek C, Sander EE, Grummt I (2001) The transcript release factor ptrf augments ribosomal gene transcription by facilitating reinitiation of rna polymerase i. Nucleic Acids Research 29 (2):423-429. doi:10.1093/nar/29.2.423 
Jansa P, Grummt I (1999) Mechanism of transcription termination: Ptrf interacts with the largest subunit of rna polymerase i and dissociates paused transcription complexes from yeast and mouse. Molecular and General Genetics 262 (3):508-514 
Jollie WP, Bencosme SA (1965) Electron microscopic observations on primary decidua formation in the rat. American Journal of Anatomy 116 (1):217-235. doi:10.1002/aja.1001160111 
Kaneko Y, Lecce L, Day ML, Murphy CR (2011) Β1 and β3 integrins disassemble 
from basal focal adhesions and β3 integrin is later localised to the apical plasma membrane of rat uterine luminal epithelial cells at the time of implantation. Reproduction, Fertility and Development 23 (3):481 
Kaneko Y, Lecce L, Murphy CR (2009) Ovarian hormones regulate expression of the focal adhesion proteins, talin and paxillin, in rat uterine luminal but not glandular epithelial cells. Histochemistry and Cell Biology 132 (6):613-622 
Kaneko Y, Lindsay LA, Murphy CR (2008) Focal adhesions disassemble during early pregnancy in rat uterine epithelial cells. Reprod Fertil Dev 20 (8):892-899 
Kearns M, Lala PK (1983) Life history of decidual cells: A review*. American Journal of Reproductive Immunology 3 (2):78-82. doi:10.1111/j.1600-0897.1983.tb00219.x 
Kennedy TG (1986) Prostaglandins and uterine sensitization for the decidual cell reactiona. Annals of the New York Academy of Sciences 476 (1):43-48. doi:10.1111/j.1749-6632.1986.tb20921.x 
Kimura K, Teranishi S, Yamauchi J, Nishida T (2008) Role of jnk-dependent serine phosphorylation of paxillin in migration of corneal epithelial cells during wound closure. Investigative ophthalmology & visual science 49 (1):125-132. doi:10.1167/iovs.07-0725 
CHAPTER 1  INTRODUCTION 
36  
Kirby DR (1963) The development of mouse blastocysts transplanted to the scrotal and cryptorchid testis. J Anat 97:119-130 
Kopia S, Stewart SF, DiPasquale G, Edgren RA (1974) Duration of pseudopregnancy induced by sterile mating in rats treated with prostaglandins. Prostaglandins 8 (6):531-537 
Krasteva G, Pfeil U, Drab M, Kummer W, König P (2006) Caveolin-1 and -2 in airway epithelium: Expression and in situ association as detected by fret-clsm. Respir Res 7 (1):1-13. doi:10.1186/1465-9921-7-108 
Lang DM, Lommel S, Jung M, Ankerhold R, Petrausch B, Laessing U, Wiechers 
MF, Plattner H, Stuermer CA (1998) Identification of reggie-1 and reggie-2 as plasmamembrane-associated proteins which cocluster with activated gpi-anchored cell adhesion molecules in non-caveolar micropatches in neurons. Journal of neurobiology 37 (4):502-523 
Lawn AM (1973) The ultrastructure of the endometrium during the sexual cycle. Advances in reproductive physiology 6 (0):61-95 
Lecce L, Lindsay L, Kaneko Y, Murphy CR (2013) Icam-2 and lipid rafts disappear from the basal plasma membrane of uterine epithelial cells during early pregnancy in rats. Cell Tissue Res 353 (3):563-573. doi:10.1007/s00441-013-1656-0 
Lee KY, Jeong JW, Tsai SY, Lydon JP, DeMayo FJ (2007) Mouse models of implantation. Trends in endocrinology and metabolism: TEM 18 (6):234-239. doi:10.1016/j.tem.2007.06.002 
Li Q, Wang J, Armant DR, Bagchi MK, Bagchi IC (2002) Calcitonin down-regulates e-cadherin expression in rodent uterine epithelium during implantation. J Biol Chem 277 (48):46447-46455. doi:10.1074/jbc.M203555200 
Li R, Gundersen GG (2008) Beyond polymer polarity: How the cytoskeleton builds a polarized cell. Nature reviews Molecular cell biology 9 (11):860-873. doi:10.1038/nrm2522 
Li SW, Seitz R, Lisanti MP (1996) Phosphorylation of caveolin by src tyrosine kinases - the alpha-isoform of caveolin is selectively phosphorylated by v-src in vivo. Journal of Biological Chemistry 271 (7):3863-3868 
CHAPTER 1  INTRODUCTION 
37  
Li X, Jia Z, Shen Y, Ichikawa H, Jarvik J, Nagele RG, Goldberg GS (2008) Coordinate suppression of sdpr and fhl1 expression in tumors of the breast, kidney, and prostate. Cancer Science 99 (7):1326-1333. doi:10.1111/j.1349-7006.2008.00816.x 
Liu L, Brown D, McKee M, Lebrasseur NK, Yang D, Albrecht KH, Ravid K, Pilch 
PF (2008) Deletion of cavin/ptrf causes global loss of caveolae, dyslipidemia, and glucose intolerance. Cell metabolism 8 (4):310-317. doi:10.1016/j.cmet.2008.07.008 
Liu L, Pilch PF (2008) A critical role of cavin (polymerase i and transcript release factor) in caveolae formation and organization. J Biol Chem 283 (7):4314-4322. doi:10.1074/jbc.M707890200 
Ljungkvist I, Nilsson O (1971) Ultrastructure of rat uterine luminal epithelium at functional states compatible with implantation. Zeitschrift fur Anatomie und Entwicklungsgeschichte 135 (1):101-107 
Long JA, Evans HM (1922) The estrous cycle in the rat and its associated phenomena. Memories of University of California 6 (1):148 
Loo DT, Kanner SB, Aruffo A (1998) Filamin binds to the cytoplasmic domain of the beta(1)-integrin - identification of amino acids responsible for this interaction. Journal of Biological Chemistry 273 (36):23304-23312. doi:DOI 10.1074/jbc.273.36.23304 
Lundkvist O (1978) Ultrastructural studies of the endometrial stromal cells in rats during estradiol-induced implantation after an experimental delay. Biol Reprod 18 (2):306-316 
Lundkvist O, Ljungkvist I (1977) Morphology of the rat endometrial stroma at the appearance of the pontamine blue reaction during implantation after an experimental delay. Cell Tissue Res 184 (4):453-466 
Lundkvist O, Nilsson BO (1982) Endometrial ultrastructure in the early uterine response to blastocysts and artificial deciduogenic stimuli in rats. Cell Tissue Res 225 (2):355-364 
Luxford KA, Murphy CR (1989) Cytoskeletal alterations in the microvilli of uterine epithelial cells during early pregnancy. Acta Histochem 87 (2):131-136. doi:10.1016/s0065-1281(89)80015-7 
CHAPTER 1  INTRODUCTION 
38  
Luxford KA, Murphy CR (1992a) Changes in the apical microfilaments of rat uterine epithelial cells in response to estradiol and progesterone. Anat Rec 233 (4):521-526. doi:10.1002/ar.1092330405 
Luxford KA, Murphy CR (1992b) Reorganization of the apical cytoskeleton of uterine epithelial cells during early pregnancy in the rat: A study with myosin subfragment 1. Biology of the cell / under the auspices of the European Cell Biology Organization 74 (2):195-202 
Luxford KA, Murphy CR (1993) Cytoskeletal control of the apical surface transformation of rat uterine epithelium. Biology of the cell / under the auspices of the European Cell Biology Organization 79 (2):111-116 
Mandai K, Nakanishi H, Satoh A, Obaishi H, Wada M, Nishioka H, Itoh M, 
Mizoguchi A, Aoki T, Fujimoto T, Matsuda Y, Tsukita S, Takai Y (1997) Afadin: A novel actin filament-binding protein with one pdz domain localized at cadherin-based cell-to-cell adherens junction. J Cell Biol 139 (2):517-528 
Marcondes FK, Bianchi FJ, Tanno AP (2002) Determination of the estrous cycle phases of rats: Some helpful considerations. Brazilian journal of biology = Revista brasleira de biologia 62 (4A):609-614 
Marcus GJ, Kraicer PF, Shelesnyak MC (1963) Studies on the mechanism of decidualization. J Reprod Fertil 5 (3):409-415. doi:10.1530/jrf.0.0050409 
Martel D, Monier MN, Roche D, Psychoyos A (1991) Hormonal dependence of pinopode formation at the uterine luminal surface. Human reproduction (Oxford, England) 6 (4):597-603 
Martin L, Finn CA, Trinder G (1973) DNA synthesis in the endometrium of progesterone-treated mice. The Journal of endocrinology 56 (2):303-307 
Mazaki Y, Hashimoto S, Sabe H (1997) Monocyte cells and cancer cells express novel paxillin isoforms with different binding properties to focal adhesion proteins. J Biol Chem 272 (11):7437-7444 
McMahon KA, Zajicek H, Li WP, Peyton MJ, Minna JD, Hernandez VJ, Luby-
Phelps K, Anderson RGW (2009) Srbc/cavin-3 is a caveolin adapter protein that regulates caveolae function. EMBO Journal 28 (8):1001-1015 
CHAPTER 1  INTRODUCTION 
39  
Mikhaĭlov V, Malygin A (1981) Role of decidual cells in immunobiologic relationships between mother and fetus]. Tsitologiia 
Mineo C, Ying Y-S, Chapline C, Jaken S, Anderson RGW (1998) Targeting of 
protein kinase cα to caveolae. The Journal of Cell Biology 141 (3):601-610. doi:10.1083/jcb.141.3.601 
Mittal B, Sanger JM, Sanger JW (1987) Binding and distribution of fluorescently labeled filamin in permeabilized and living cells. Cell motility and the cytoskeleton 8 (4):345-359. doi:10.1002/cm.970080407 
Moon H, Lee CS, Inder KL, Sharma S, Choi E, Black DM, Le Cao KA, Winterford 
C, Coward JI, Ling MT, Craik DJ, Parton RG, Russell PJ, Hill MM (2013) Ptrf/cavin-1 neutralizes non-caveolar caveolin-1 microdomains in prostate cancer. Oncogene. doi:10.1038/onc.2013.315 
Mora RC, Bonilha VL, Shin BC, Hu J, Cohen-Gould L, Bok D, Rodriguez-Boulan 
E (2006) Bipolar assembly of caveolae in retinal pigment epithelium. American journal of physiology Cell physiology 290 (3):C832-843. doi:10.1152/ajpcell.00405.2005 
Mossman H (1977) Comparative anatomy. In: Wynn R (ed) Biology of the uterus. Springer US, pp 19-34. doi:10.1007/978-1-4684-2271-9_2 
Murata M, Peranen J, Schreiner R, Wieland F, Kurzchalia TV, Simons K (1995) Vip21/caveolin is a cholesterol-binding protein. Proceedings of the National Academy of Sciences of the United States of America 92 (22):10339-10343. doi:DOI 10.1073/pnas.92.22.10339 
Murphy C (2001) The plasma membrane transformation: A key concept in uterine receptivity. Reproductive Medicine Review 9 (03) 
Murphy C, Rogers A (1981) Effects of ovarian hormones on cell membranes in the rat uterus. Iii. The surface carbohydrates at the apex of the luminal epithelium. Cell Biophysics 3 (4):305-320 
Murphy CR (1995) The cytoskeleton of uterine epithelial cells: A new player in uterine receptivity and the plasma membrane transformation. Hum Reprod Update 1 (6):567-580 
Murphy CR (2004) Uterine receptivity and the plasma membrane transformation. Cell Res 14 (4):259-267. doi:10.1038/sj.cr.7290227 
CHAPTER 1  INTRODUCTION 
40  
Murphy CR, Australia TF, Rogers AW Effects of ovarian hormones on cell membranes in the rat uterus. Cell Biophysics 3 (4):305-320 
Murphy CR, Dwarte DM (1987) Increase in cholesterol in the apical plasma membrane of uterine epithelial cells during early pregnancy in the rat. Acta Anat (Basel) 128 (1):76-79 
Murphy CR, Martin B (1985) Cholesterol in the plasma membrane of uterine epithelial cells: A freeze-fracture cytochemical study with digitonin. J Cell Sci 78:163-172 
Murphy CR, Shaw TJ (1994) Plasma membrane transformation: A common response of uterine epithelial cells during the peri-implantation period. Cell Biol Int 18 (12):1115-1128. doi:10.1006/cbir.1994.1038 
Murphy CR, Swift JG, Mukherjee TM, Rogers AW (1981) Effects of ovarian hormones on cell membranes in the rat uterus. Ii. Freeze-fracture studies on tight junctions of the lateral plasma membrane of the luminal epithelium. Cell Biophys 3 (1):57-69. doi:10.1007/BF02782153 
Murphy CR, Swift JG, Mukherjee TM, Rogers AW (1982) The structure of tight junctions between uterine luminal epithelial cells at different stages of pregnancy in the rat. Cell Tissue Res 223 (2):281-286 
Nayal A, Webb DJ, Horwitz AF (2004) Talin: An emerging focal point of adhesion dynamics. Curr Opin Cell Biol 16 (1):94-98. doi:10.1016/j.ceb.2003.11.007 
Nicholson MD, Lindsay LA, Murphy CR (2010) Ovarian hormones control the changing expression of claudins and occludin in rat uterine epithelial cells during early pregnancy. Acta Histochem 112 (1):42-52. doi:10.1016/j.acthis.2008.07.003 
Nuckolls GH, Turner CE, Burridge K (1990) Functional studies of the domains of talin. J Cell Biol 110 (5):1635-1644 
Okamoto T, Schlegel A, Scherer PE, Lisanti MP (1998) Caveolins, a family of scaffolding proteins for organizing "preassembled signaling complexes" at the plasma membrane". Journal of Biological Chemistry 273 (10):5419-5422. doi:DOI 10.1074/jbc.273.10.5419 
CHAPTER 1  INTRODUCTION 
41  
Orchard MD, Murphy CR (2002) Alterations in tight junction molecules of uterine epithelial cells during early pregnancy in the rat. Acta Histochemica 104 (2):149-155. doi:http://dx.doi.org/10.1078/0065-1281-00644 
Orlichenko L, Huang B, Krueger E, McNiven M (2005) Epithelial growth factor-induced phosphorylation of caveolin 1 at tyrosine 14 stimulates caveolae formation in epithelial cells. Journal of Biological Chemistry 281 (8):4570-4579 
Paallysaho T, Williams DS (1991) Epithelial cell-substrate adhesion in the cornea: Localization of actin, talin, integrin, and fibronection [corrected]. Exp Eye Res 52 (3):261-267 
Palade GE (1953) Fine structure of blood capillaries. Jounal of Applied Physics 24 
Parr EL, Tung HN, Parr MB (1987) Apoptosis as the mode of uterine epithelial cell death during embryo implantation in mice and rats. Biol Reprod 36 (1):211-225 
Parr MB, Tung HN, Parr EL (1986) The ultrastructure of the rat primary decidual zone. American Journal of Anatomy 176 (4):423-436. doi:10.1002/aja.1001760405 
Parton RG, Joggerst B, Simons K (1994) Regulated internalization of caveolae. J Cell Biol 127 (5):1199-1215 
Patil S, Jedsadayanmata A, Wencel-Drake JD, Wang W, Knezevic I, Lam SC 
(1999) Identification of a talin-binding site in the integrin beta(3) subunit distinct from the nply regulatory motif of post-ligand binding functions. The talin n-terminal head domain interacts with the membrane-proximal region of the beta(3) cytoplasmic tail. J Biol Chem 274 (40):28575-28583 
Petrache HI, Harries D, Parsegian VA (2005) Alteration of lipid membrane rigidity by cholesterol and its metabolic precursors. Macromolecular Symposia 219 (1):39-50. doi:10.1002/masy.200550105 
Preston AM, Lindsay LA, Murphy CR (2004) Progesterone treatment and the progress of early pregnancy reduce desmoglein 1&2 staining along the lateral plasma membrane in rat uterine epithelial cells. Acta Histochem 106 (5):345-351. doi:10.1016/j.acthis.2004.07.004 
CHAPTER 1  INTRODUCTION 
42  
Psychoyos A (1973) Hormonal control of ovoimplantation. Vitam Horm 31:201-256 
Psychoyos A (1993) Uterine receptivity for egg-implantation and scanning electron microscopy. Acta Europaea fertilitatis 24 (1):41-42 
Psychoyos A, Mandon P (1971) [study of the surface of the uterine epithelium by scanning electron microscope. Observations in the rat at the 4th and 5th day of pregnancy]. Comptes rendus hebdomadaires des seances de l'Academie des sciences Serie D: Sciences naturelles 272 (21):2723-2725 
Rodriguez-Boulan E, Nelson WJ (1989) Morphogenesis of the polarized epithelial cell phenotype. Science 245 (4919):718-725 
Rothberg KG, Heuser JE, Donzell WC, Ying YS, Glenney JR, Anderson RG 
(1992) Caveolin, a protein component of caveolae membrane coats. Cell 68 (4):673-682 
Rousselle P, Lunstrum GP, Keene DR, Burgeson RE (1991) Kalinin: An epithelium-specific basement membrane adhesion molecule that is a component of anchoring filaments. J Cell Biol 114 (3):567-576 
Sargiacomo M, Scherer PE, Tang Z, Kübler E, Song KS, Sanders MC, Lisanti MP, 
Sargiacomo M, Sargiacomo M, Scherer PE, Tang Z, Kübler E, Song KS, 
Sanders MC, Lisanti MP (1995) Oligomeric structure of caveolin: Implications for caveolae membrane organization. Paper presented at the Proceedings of the National Academy of Sciences, October 26 
Sargiacomo M, Sudol M, Tang Z, Lisanti MP (1993) Signal transducing molecules and glycosyl-phosphatidylinositol-linked proteins form a caveolin-rich insoluble complex in mdck cells. J Cell Biol 122 (4):789-807 
Scherer PE, Tang ZL, Chun MY, Sargiacomo M, Lodish HF, Lisanti MP (1995) Caveolin isoforms differ in their n-terminal protein-sequence and subcellular-distribution - identification and epitope mapping of an isoform-specific monoclonal-antibody probe. Journal of Biological Chemistry 270 (27):16395-16401 
Schlafke S, Enders AC (1963) Observations on the fine structure of the rat blastocyst. J Anat 97:353-360 
CHAPTER 1  INTRODUCTION 
43  
Schlafke S, Welsh AO, Enders AC (1985) Penetration of the basal lamina of the uterine luminal epithelium during implantation in the rat. Anat Rec 212 (1):47-56. doi:10.1002/ar.1092120107 
Schlegel A, Volonte D, Engelman JA, Galbiati F, Mehta P, Zhang XL, Scherer PE, 
Lisanti MP (1998) Crowded little caves: Structure and function of caveolae. Cell Signal 10 (7):457-463 
Schwartz NB, Shirky LE, Steck IE (1955) Pituitary-adrenal function during pseudopregnancy and early pregnancy in rats. Endocrinology 57 (1):114-119. doi:10.1210/endo-57-1-114 
Shaw TJ, Terry V, Shorey CD, Murphy CR (1998) Alterations in distribution of actin binding proteins in uterine stromal cells during decidualization in the rat. Cell Biol Int 22 (3):237-243. doi:10.1006/cbir.1998.0245 
Shion YL, Murphy CR (1995) The basal plasma membrane and lamina densa of uterine epithelial cells are both altered during early pregnancy and by ovarian hormones in the rat. European journal of morphology 33 (3):257-264 
Simons K, Sampaio JL (2011) Membrane organization and lipid rafts. Cold Spring Harbor Perspectives in Biology 3 (10). doi:10.1101/cshperspect.a004697 
Singh H, Aplin JD (2009) Adhesion molecules in endometrial epithelium: Tissue integrity and embryo implantation. J Anat 215 (1):3-13. doi:10.1111/j.1469-7580.2008.01034.x 
Smart EJ, Ying Y, Donzell WC, Anderson RG, Ying Y- (1996) A role for caveolin in transport of cholesterol from endoplasmic reticulum to plasma membrane. Journal of Biological Chemistry 271 (46):29427-29435 
Smart EJ, Ying YS, Mineo C, Anderson RG (1995) A detergent-free method for purifying caveolae membrane from tissue culture cells. Proc Natl Acad Sci U S A 92 (22):10104-10108 
Smith MS, Freeman ME, Neill JD (1975) The control of progesterone secretion during the estrous cycle and early pseudopregnancy in the rat: Prolactin, gonadotropin and steroid levels associated with rescue of the corpus luteum of pseudopregnancy. Endocrinology 96 (1):219-226. doi:10.1210/endo-96-1-219 
CHAPTER 1  INTRODUCTION 
44  
Song KS, Li S, Okamoto T, Quilliam LA, Sargiacomo M, Lisanti MP (1996) Co-purification and direct interaction of ras with caveolin, an integral membrane protein of caveolae microdomains. Detergent-free purification of caveolae microdomains. J Biol Chem 271 (16):9690-9697 
Spornitz UM, Socin CD, Dravid AA (1999) Estrous stage determination in rats by means of scanning electron microscopic images of uterine surface epithelium. Anat Rec 254 (1):116-126 
Stan RV (2005) Structure of caveolae. Biochimica et biophysica acta 1746 (3):334-348. doi:10.1016/j.bbamcr.2005.08.008 
Stossel TP, Condeelis J, Cooley L, Hartwig JH, Noegel A, Schleicher M, Shapiro 
SS (2001) Filamins as integrators of cell mechanics and signalling. Nature reviews Molecular cell biology 2 (2):138-145. doi:10.1038/35052082 
Sun TT, Wang Y, Cheng H, Zhang XH, Xiang JJ, Zhang JT, Yu SBS, Martin TA, Ye 
L, Tsang LL, Jiang WG, Jiang X, Chan HC (2014) Disrupted interaction between cftr and af-6/afadin aggravates malignant phenotypes of colon cancer. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1843 (3):618-628. doi:http://dx.doi.org/10.1016/j.bbamcr.2013.12.013 
Tabas I (2002) Consequences of cellular cholesterol accumulation: Basic concepts and physiological implications. The Journal of clinical investigation 110 (7):905-911. doi:10.1172/JCI16452 
Tachi S, Tachi C, Lindner HR (1970) Ultrastructural features of blastocyst attachment and trophoblastic invasion in the rat. J Reprod Fertil 21 (1):37-56 
Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM, Ginsberg 
MH, Calderwood DA (2003) Talin binding to integrin beta tails: A final common step in integrin activation. Science 302 (5642):103-106. doi:10.1126/science.1086652 
Takai Y, Miyoshi J, Ikeda W, Ogita H (2008) Nectins and nectin-like molecules: Roles in contact inhibition of cell movement and proliferation. Nature reviews Molecular cell biology 9 (8):603-615. doi:10.1038/nrm2457 
CHAPTER 1  INTRODUCTION 
45  
Tan S, Richmond TJ (1990) DNA binding-induced conformational change of the yeast transcriptional activator prtf. Cell 62 (2):367-377. doi:http://dx.doi.org/10.1016/0092-8674(90)90373-M 
Tanaka-Okamoto M, Hori K, Ishizaki H, Itoh Y, Onishi S, Yonemura S, Takai Y, 
Miyoshi J (2011) Involvement of afadin in barrier function and homeostasis of mouse intestinal epithelia. J Cell Sci 124 (Pt 13):2231-2240. doi:10.1242/jcs.081000 
Teranishi S, Kimura K, Nishida T (2009) Role of formation of an erk-fak-paxillin complex in migration of human corneal epithelial cells during wound closure in vitro. Investigative ophthalmology & visual science 50 (12):5646-5652. doi:10.1167/iovs.08-2534 
Terry V, Shaw TJ, Shorey CD, Murphy CR (1996) Actin-binding proteins undergo major alterations during the plasma membrane transformation in uterine epithelial cells. The Anatomical Record 246 (1):71-77. doi:10.1002/(SICI)1097-0185(199609)246:1<71::AID-AR8>3.0.CO;2-I 
Torrado M, Senatorov VV, Trivedi R, Fariss RN, Tomarev SI (2004) Pdlim2, a novel pdz–lim domain protein, interacts with α-actinins and filamin a. Investigative ophthalmology & visual science 45 (11):3955-3963. doi:10.1167/iovs.04-0721 
Toyoshima D, Mandai K, Maruo T, Supriyanto I, Togashi H, Inoue T, Mori M, 
Takai Y (2014) Afadin regulates puncta adherentia junction formation and presynaptic differentiation in hippocampal neurons. PLoS One 9 (2):e89763. doi:10.1371/journal.pone.0089763 
Tsukita S, Katsuno T, Yamazaki Y, Umeda K, Tamura A, Tsukita S (2009) Roles of zo-1 and zo-2 in establishment of the belt-like adherens and tight junctions with paracellular permselective barrier function. Annals of the New York Academy of Sciences 1165:44-52. doi:10.1111/j.1749-6632.2009.04056.x 
Tumbarello DA, Brown MC, Hetey SE, Turner CE (2005) Regulation of paxillin family members during epithelial-mesenchymal transformation: A putative role for paxillin delta. J Cell Sci 118 (Pt 20):4849-4863. doi:10.1242/jcs.02615 
CHAPTER 1  INTRODUCTION 
46  
Tung HN, Parr MB, Parr EL (1986) The permeability of the primary decidual zone in the rat uterus: An ultrastructural tracer and freeze-fracture study. Biol Reprod 35 (4):1045-1058 
Turi A, Kiss AL, Mullner N (2001) Estrogen downregulates the number of caveolae and the level of caveolin in uterine smooth muscle. Cell Biol Int 25 (8):785-794. doi:10.1006/cbir.2001.0769 
Turner CE (2000a) Paxillin and focal adhesion signalling. Nat Cell Biol 2 (12):E231-236. doi:10.1038/35046659 
Turner CE (2000b) Paxillin interactions. J Cell Sci 113 Pt 23:4139-4140 
Turner CE, Glenney JR, Jr., Burridge K (1990) Paxillin: A new vinculin-binding protein present in focal adhesions. J Cell Biol 111 (3):1059-1068 
van der Flier A, Sonnenberg A (2001) Structural and functional aspects of filamins. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1538 (2–3):99-117. doi:http://dx.doi.org/10.1016/S0167-4889(01)00072-6 
Venuto L, Lindsay LA, Murphy CR (2008) Moesin is involved in the cytoskeletal remodelling of rat decidual cells. Acta Histochemica 110 (6):491-496. doi:DOI 10.1016/j.acthis.2008.02.002 
Vinten J, Johnsen AH, Roepstorff P, Harpoth J, Tranum-Jensen J (2005) Identification of a major protein on the cytosolic face of caveolae. Biochimica et biophysica acta 1717 (1):34-40. doi:10.1016/j.bbamem.2005.09.013 
Viola A, Gupta N (2007) Tether and trap: Regulation of membrane-raft dynamics by actin-binding proteins. Nature reviews Immunology 7 (11):889-896. doi:10.1038/nri2193 
Voldstedlund M, Vinten J, Tranum-Jensen J (2001) Cav-p60 expression in rat muscle tissues. Cell and Tissue Research 306 (2):265-276. doi:10.1007/s004410100439 
Wang P, Ballestrem C, Streuli CH (2011) The c terminus of talin links integrins to cell cycle progression. The Journal of Cell Biology 195 (3):499-513. doi:10.1083/jcb.201104128 
CHAPTER 1  INTRODUCTION 
47  
Warren RH, Enders AC (1964) An electron microscope study of the rat endometrium during delayed implantation. Anat Rec 148 (2):177-195 
Weiss A, Goldman S, Shalev E (2007) The matrix metalloproteinases (mmps) in the decidua and fetal membranes. Frontiers in bioscience : a journal and virtual library 12:649-659 
Welsh AO, Enders AC (1985) Light and electron microscopic examination of the mature decidual cells of the rat with emphasis on the antimesometrial decidua and its degeneration. American Journal of Anatomy 172 (1):1-29. doi:10.1002/aja.1001720102 
Williams TM, Lisanti MP (2004) The caveolin genes: From cell biology to medicine. Ann Med 36 (8):584-595 
Yamada E (1955) The fine structure of the gall bladder epithelium of the mouse. The Journal of biophysical and biochemical cytology 1 (5):445-458 
Yamaguchi R, Mazaki Y, Hirota K, Hashimoto S, Sabe H (1997) Mitosis specific serine phosphorylation and downregulation of one of the focal adhesion protein, paxillin. Oncogene 15 (15):1753-1761. doi:10.1038/sj.onc.1201345 
Yoshinaga K (1988) Uterine receptivity for blastocyst implantation. Annals of the New York Academy of Sciences 541 (1):424-431. doi:10.1111/j.1749-6632.1988.tb22279.x 
Young WC, Boling JL, Blandau RJ (1941) The vaginal smear picture, sexual receptivity and time of ovulation in the albino rat. The Anatomical Record 80 (1):37-45. doi:10.1002/ar.1090800105 
Yuminamochi T, Yatomi Y, Osada M, Ohmori T, Ishii Y, Nakazawa K, Hosogaya 
S, Ozaki Y (2003) Expression of the lim proteins paxillin and hic-5 in human tissues. J Histochem Cytochem 51 (4):513-521 
Zarrow MX, Clark JH (1968) Ovulation following vaginal stimulation in a spontaneous ovulator and its implications. Journal of Endocrinology 40 (3):343-NP. doi:10.1677/joe.0.0400343 
 
 
CHAPTER 2  MATERIALS AND METHODS 
48  
          
2 CHAPTER 2: MATERIALS AND METHODS   
CHAPTER 2  MATERIALS AND METHODS 
49  
2.1  ANIMALS All Wistar rats used in the following studies were housed in plastic cages in a controlled environment, which was kept at 21◦C and were subjected to a 12 hour light/dark cycle.  Rats had access to food and water ad libitum and all procedures were approved by the Animal Care and Ethics Committee of the University of Sydney. 
2.2 VAGINAL SMEARING Vaginal smearing was carried out on virgin female Wistar rats 10-14 weeks of age at 1630 hours to determine whether they were in pro-oestrus, which is when they are receptive to mating.  Vaginal smearing was accomplished by flushing a small amount of water into the vagina and pulled back into a rounded glass pipette. The vaginal smear was then examined under a light microscope to determine the stage of the oestrus cycle as has been documented previously (Long and Evans 1922). Rats that displayed a vaginal smear characteristic of pro-oestrus were placed in the same cage with a male Wistar rat of proven fertility, or a vasectomised male for mating to induce pregnancy or pseudo-pregnancy respectively. 
2.3 PREGNANCY The following morning at 0900 hours, rats were examined for a vaginal plug and subjected to vaginal smearing to detect the presence of sperm. If no sperm was detected, cells in the vaginal smear would indicate that the oestrus cycle had progressed into di-oestrus which is characterised by some large, round nucleated epithelial cells and many small leukocytes. If sperm was present in the vaginal smear obtained this was designated as the morning of day 1 of pregnancy.  Rats were then sacrificed on the desired day of pregnancy required for the following studies.  
2.4 PSEUDO PREGNANCY Female Wistar rats used for pseudo pregnancy were mated overnight with a vasectomised male.  The following morning rats were checked to a vaginal plug which signified that mating had occurred and represented morning of day 1 of pseudo pregnancy. Vaginal smears were taken each day of pseudo pregnancy to 
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ensure that a pseudo pregnant state remained. Rats were then sacrificed on day 6 of pseudo pregnancy. 
2.5 OVARIECTOMY Female Wistar rats 12 weeks of age within the weight range of 250 – 300 g were bilaterally ovariectomised under anaesthetic by an intraperitoneal injection of Ketamine (75 mg/kg) and Xylazine (4 mg/mL). Fur was removed using an electric shaver, skin was cleaned with 70% ethanol and a small incision of 1 cm was made laterally, below the ribs. The ovary was exposed and removed with scissors. The uterine horn was replaced into the abdominal cavity and the incision was closed using braided, 25 mm siliconised silk thread on a round bodied needle. The skin was then stapled using 9 mm stainless steel wound clips. Rats were left to recover for 3 weeks at which point hormones were administered by a subcutaneous injection into the rump of the rat. Rats were randomly assigned to four different hormone regimes summarised in Table 2.1. All hormones were dissolved in a solution of benzyl alcohol and peanut oil  made in a 1:4 ratio to achieve doses within the normal physiological range (Ljungkvist and Nilsson 1971; Ljungkvist 1971a, 1972). All animals were injected for three consecutive days with either 0.1 
mL peanut oil and benzyl alcohol alone; 0.1 mL peanut oil and 0.5 µg 17β –oestradiol alone; 0.1 mL peanut oil with 5 mg of progesterone alone; or 0.1 mL peanut oil containing 5 mg progesterone for 3 days and an additional injection of 
0.5 µg 17β-oestradiol on day 3 of treatment. The combined hormonal regime of both progesterone and oestrogen administered to rats is the minimal hormonal conditioning required to facilitate a receptive uterine epithelium (Ljungkvist 1971a, b). All animals were killed on the morning of the fourth day 24 hours after the last injection.          
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Table 2.1 Hormonal regimes administered to ovariectomised rats 
Treatment  Day 1 Day 2 Day 3 Day 4 
Vehicle alone 
(C)  
Vehicle Vehicle Vehicle Sacrifice 
Progesterone 
alone (P) 
Progesterone Progesterone Progesterone Sacrifice 
Oestrogen 
alone (E)  
Oestrogen Oestrogen Oestrogen Sacrifice 
Combined 
Progesterone 
and 
Oestrogen 
(PE) 
Progesterone Progesterone Progesterone Oestrogen Sacrifice 
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3.1 ABSTRACT At the time of implantation, uterine luminal epithelial cells undergo a dramatic change in all plasma membrane domains. Changes in the basolateral plasma membrane at the time of implantation include progression from smooth to highly tortuous, as well as a loss of integrin based focal adhesions. Another aspect of the basolateral plasma membrane which has not been studied in uterine epithelial cells are caveolae which are omega shaped invaginations of the plasma membrane, and are known to be involved in endocytosis and contribute to membrane curvature.  The current study investigated caveolin, a major protein of caveolae, to explore the possible roles that they play in the remodelling of the basolateral plasma membrane of uterine epithelial cells during early pregnancy in the rat.  Morphological caveolae were found at the time of implantation and were significantly increased compared to day 1 of pregnancy. Caveolin 1 and 2 were found to shift to the basolateral plasma membrane of uterine epithelial cells at the time of implantation as well as when treated with progesterone alone, and in combination with oestrogen.  A statistically significant increase in the amount of caveolin 1 and a decrease in caveolin 2 protein in uterine epithelial cells was observed at the time of implantation. Caveolin 1 also co-immunoprecipitated with 
integrin β1 on day 1 of pregnancy, which is a protein that has been reported to be found in integrin-based focal adhesions at the basolateral membrane on day 1 of pregnancy.  The localisation and expression of caveolin 1 at the time of implantation is consistent with the presence and increase of morphological caveolae seen at this time.  The localisation and expression of caveolin 1 and 2 in luminal uterine epithelium at the time of implantation suggest a role in trafficking proteins and the maintenance of a polarised epithelium.     
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3.2 INTRODUCTION The luminal uterine epithelial cells (UECs) are the first site of contact between maternal and foetal tissues, and as such they undergo a series of alterations in order for them to become receptive to blastocyst implantation and subsequent invasion.  These changes from a non-receptive columnar epithelial cell to a receptive cell include an increase in basolateral membrane tortuosity, a loss of basal focal adhesions, a redistribution of lipid and cholesterol and also the presence of vesicles of various sizes which are at their greatest number during the pre-implantation period (Kaneko et al. 2008; Murphy 2004; Murphy and Martin 1985).   Caveolin is a major protein present in omega-shaped invaginations of the plasma membrane known as caveolae and are considered to be specialised plasma membrane subdomains that are enriched in cholesterol, glycosphingolipids and GPI (Glycosylphosphatidylinositol) anchored proteins. There are three members of the caveolin family of proteins, caveolin -1, 2, and 3.  Caveolin 1 and 2 expression in tissues is ubiquitous with caveolin 3 being restricted to muscle and astrocytes (Williams and Lisanti 2004). Caveolin 1 is considered to be necessary for the formation of morphological caveolae (Sowa 2011) and also for the transport of caveolin 2 from the golgi complex to the plasma membrane(Parolini et al. 1999; Mora et al. 1999). Caveolin sits in the plasma membrane in a hairpin like arrangement with both N and C termini being cytoplasmically oriented.  There is a membrane spanning domain, and also a scaffolding domain which is the domain in which caveolin forms homo- or hetero-oligomers, and is also the region for the interaction of caveolin and other proteins, whereby caveolin interacts and sequesters them in their inactive state (Lo et al. 2004).  Given the involvement of these structures and molecules in membrane curvature in the several cell types mentioned above and the known changes in the basal plasma membrane of uterine epithelial cells during early pregnancy, we examined them during early pregnancy. We report here the first study to investigate the localisation and expression of caveolins 1 & 2 and ultrastructural caveoli, as well as 
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
56  
the  hormonal control of both, in the  basal plasma membrane of UEC during the plasma membrane transformation of early pregnancy in the rat.  
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3.3 MATERIALS AND METHODS 
3.3.1 Animals Female virgin Wistar rats (10–12 weeks of age) were housed in plastic cages at 21°C with a 12-h light–dark cycle and were fed and watered ad libitum. Vaginal smearing was performed to determine stage of the oestrous cycle, and those rats showing a vaginal smear characteristic of pro-oestrus were caged overnight with a male of proven fertility. The presence of sperm in the vaginal smear taken the following morning indicated mating and was designated day 1 of pregnancy. Uterine horns from days 1, 6, and 9 were collected to correspond to the time of fertilisation, time of implantation and after implantation respectively.  Five rats were collected for each day of pregnancy. All experimental procedures were approved by The University of Sydney ethics committee. 
3.3.2 Ovariectomy Female virgin Wistar rats were bilaterally ovariectomised while anaesthetised with an intraperitoneal injection of xylazine (4 mg/kg; TROY laboratories Pty. Ltd., Smithfield, NSW, Australia) and ketamine (75 mg/kg; Parrell Laboratories (AUST) Pty. Ltd., Alexandria, NSW, Australia) and were allowed to recover for at least 3 weeks. Progesterone (Sigma, St Louis, MO, USA) and 17-β-oestradiol (Sigma) were dissolved in benzyl alcohol (Sigma) and peanut oil in 1:4 v/v and injected as previously described (Murphy and Rogers 1981). Five animals were randomly allocated to each of the following hormonal regimes. Group 1 (control) was injected with 0.1 ml of carrier (benzyl alcohol and peanut oil) alone for three consecutive days. Group 2 (PPP) received 5 mg progesterone dissolved in 0.1 ml of 
carrier for three consecutive days. Group 3 (EEE) received 0.5 μg 17-β-oestradiol in 0.1 ml of carrier for 3 consecutive days. Group 4 (PPPE) received 5 mg of progesterone in 0.1 ml of carrier for 3 consecutive days and also 0.5 μg of  17-β-oestradiol dissolved in 0.1 ml of carrier on the opposite side of the neck on the third day. PPPE is the minimal requirement in obtaining a receptive uterus (Murphy and Rogers 1981; Psychoyos 1973). Injections were administered in the morning and animals were killed 24 h after the last injection.   
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All animals in pregnancy and hormone treated groups were killed with an intraperitoneal injection of sodium pentobarbitone (Nembutal; Merial Australia, Parramatta, NSW, Australia). Uterine horns were excised and randomly allocated for either immunofluorescence microscopy (IF), transmission electron microscopy (TEM) or isolation of uterine epithelial cells for western blotting analysis fractionation, or co-    immunoprecipitation. 
3.3.3 Immunofluorescence microscopy Uterine tissue from normal pregnant and ovariectomised rats treated with ovarian hormones, were embedded in O.C.T compound (Tissue-Tek; Sakura Firetek, Torrance, CA, USA), snap frozen in supercooled isopentane (BDH Laboratory supplies, Poole Dorset, England, UK) and stored under liquid nitrogen until use. Sections, 7 µm, were cut using a Leica LM 3050 cryostat (Leica, Heerbrugg, Switzerland). Tissue sections were air dried on gelatine-chrome alum-coated glass slides at room temperature and blocked in 1% bovine serum albumin (BSA; Sigma) in PBS for 30 min. All primary and secondary antibodies were diluted with this blocking solution. Sections were incubated with primary antibody of rabbit polyclonal anti-caveolin 1 antibody (0.8 μg/ml; Santa Cruz Biotechnology, Dallas, Texas, USA: sc-894), rabbit polyclonal anti-caveolin 2 antibody (2 μg/ml; Sigma, Castle Hill, NSW, Australia: C9992), or rabbit polyclonal anti-phospho caveolin -1 (Y14) antibody (2 µg/ml; Abcam, Cambridge, England, UK: ab38468) overnight at 4 ◦C.  Sections were washed in PBS 3 × 5 min, and incubated with fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat anti-rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at a 
concentration of 2.5 μg/ml for 1 h in the dark followed by 3 × 5 min PBS wash. Sections were then mounted with vectashield containing DAPI (Vector, Burlingame, CA, USA), cover slipped and examined with a Zeiss Deconvolution microscope (Carl Zeiss Inc., Jena, Germany). Immunofluorescence micrographs were taken using a Zeiss AxioCamHR digital monochrome CCD camera (Carl Zeiss Inc., Jena, Germany) and Zeiss AxioVision version 4.0 image-acquisition software. Non-immune controls were carried out with experimental runs where sections 
were incubated with rabbit IgG purified immunoglobulin (2 μg/ml; Sigma) in place of the primary antibody.  
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3.3.4 Transmission electron microscopy Uteri were excised and cut into 5mm pieces then immediately immersed in freshly prepared Karnovsky’s fixative solution (pH 7.4) comprised of 2.5% glutaraldehyde (ProSciTech, Queensland, Australia), 2% paraformaldehyde (ProSciTech, Queensland, Australia) in 0.1M Sorenson’s phosphate buffer (PB, pH 7.4) for 45 mins at room temperature. Tissue was then cut into 0.5-1mm slices on dental wax under a droplet of fixative using a double-edged razor blade, then returned to fresh fixative for a further 45 mins. The tissue was washed in PB then postfixed for 1hr in a solution of 1% osmium tetroxide (OsO4) and 0.8% potassium ferricyanide in PB, to enhance the contrast of the plasma membrane (Karnovsky 1971). This solution was rinsed off with PB, before a 2% OsO4 solution (in PB) was added for 10 min to remove any unreacted potassium ferricyanide, which can cause infiltration problems (Hoshino et al. 1976). The tissue was then washed extensively with MilliQ water before being dehydrated in a graded series of alcohols and infiltrated with Spur’s resin (SPI supplies, Leicestershire, England, UK). Tissue slices were embedded in fresh Spur’s resin in BEEM® capsules (ProSciTech, Australia) and polymerised at 60°C for 24hrs. Two randomly-selected blocks per animal were cut using a Leica Ultracut T ultra-microtome (Leica, Heerbrugg, Switzerland) and 60-70 nm sections were mounted onto 400-mesh copper grids. Sections were post-stained with a saturated solution of uranyl acetate in 50% ethanol for 45mins, followed by Reynold’s lead citrate for 10mins. These sections were viewed with a Jeol 1011 transmission electron microscope (Jeol Ltd., Tokyo, Japan) at 80kV and imaged with a Gatan SC200 Orius CCD Camera (Gatan Inc., California, USA). 
3.3.5 Counting of caveolae For each sample, about 25 images were taken at 50 000 X magnification and caveolae were counted in a single blind study, where images selected were counted by an individual who did not know which image was from which day of pregnancy (Vogel et al. 1998). Basolateral membranes of UECs from day 1 and day 6 of pregnancy were measured using Image J software and the number of morphological caveolae (80-100 nm) with a neck connecting them to the basolateral membrane were counted. Smooth uncoated vesicles within 200 nm of 
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the basal plasma membrane were also counted. Numbers of caveolae were reported as number of caveolae/µm.   
3.3.6 Isolation of uterine luminal epithelial cells Uterine luminal epithelial cells were isolated from each animal as previously described (Kaneko et al. 2008). The uterine horn was opened longitudinally and surface luminal epithelial cells were scraped off using sterile surgical blades (Livingstone International, Rosebery, NSW, Australia) and immediately placed into lysis buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholic acid, 1% Igepal and protease inhibitor cocktail; Sigma Mammalian Cell lysis kit, Sigma). The cell lysate was passed through a 23 gauge needle using a 1 ml syringe (Livingstone, International, Rosebery, NSW, Australia) and briefly centrifuged at 8,000g at 4 °C. The supernatant was collected and frozen 
immediately in liquid nitrogen and stored at −80°C until use. 
3.3.7 Membrane and cytosolic separation of isolated of uterine 
luminal epithelial cells Isolated uterine luminal epithelial cells collected from rat uterine horns of days 1 and 6 of pregnancy were immediately placed in fractionation buffer (50 mM TRIS–HCl, 1 mM EDTA, 150 mM NaCl, 0.5% Igepal, 130 mM KCl, 1% deoxycholic acid sodium salt solution) and passed through a 23 gauge needle using a 1 ml syringe and lysates ultracentrifuged at 40,000g at 4 °C for 1 h (Beckman and Coulter Ultracentrifuge TLX 120). The supernatant (cytosolic component) was collected and the pellet (membrane component) was resuspended in 25 µL of fractionation buffer, and stored at -80 ◦C until use.  
3.3.8 Western blotting analysis Protein concentrations were determined using the BCA protein assay (Micro BCA™ Protein assay kit; Quantum Scientific, Murarrie, QLD, Australia) and POLAR Star Galaxy microplate reader (BMG LabTech, Durham, NC, USA) according to the manufacturer’s instructions. Protein samples (20 µg) and sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 1.6% SDS, 0.024% bromophenol blue, 4% β-2-mercaptoethanol) were boiled at 95°C for 5 minutes prior to loading onto a 12% SDS-polyacrylamide gel. Gels were subjected to electrophoresis at 200 V for 40 
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minutes and proteins transferred to a polyvinylidene dilfluoride (PVDF) membrane (Immunobilon™ transfer membrane; Millipore, Bedford, MA, USA) at 100 V for 1 hour. Membranes were blocked by incubating in a solution of 5% skim milk powder in TBS-t (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature with constant agitation, followed by primary antibody incubation with rabbit polyclonal anti-caveolin-1 antibody (0.13 μg/ml, Santa Cruz: sc-894), rabbit polyclonal anti-caveolin 2 antibody (0.5 μg ml/1, Sigma: C9992), or phospho-caveolin 1 (Y14) (1 µg/ml, Cell Signalling Technologies: 3251)  overnight at 4°C. All antibodies were diluted with 1% skim milk powder in TBS-t. The membranes were washed 3 × 10 min in TBS-t and subsequently incubated for 2 h with goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (0.5 µg/ml; Dako, VIC, Australia) at room temperature with constant agitation. The proteins were detected by enhanced chemiluminescence (ECL Plus Western Blotting Detection System; Amersham, GE Healthcare, NSW, Australia) and unsaturated images were captured using the Alpha Innotech Digital Imaging System (Alpha Innotech, San Leandro, CA, USA). Membranes were subsequently rinsed in TBS-t and antibodies removed by heating at 60°C for 45 min in stripping buffer (62.5 mM Tris–HCl, pH 6.7, 2% SDS and 100 mM β-2-mercaptoethanol) and reprobed with mouse monoclonal anti-β-actin antibody (0.4 μg/ml; Sigma, NSW, Australia) to ensure equal loading.  
3.3.9 Co-immunoprecipitation Beads were cross-linked with primary antibodies prior to immunoprecipitation (method adapted from Abcam).  Magnetic beads (PureProteome™ Protein G Magnetic Beads, Millipore) were washed with PBS and incubated with 50 µL dilution buffer (0.1% BSA/PBS) with rotation for 10 minutes at 4◦C. Dilution buffer was removed and incubated with rabbit anti-caveolin 1 (Santa Cruz sc-894) or  goat anti-integrin β1 (Santa Cruz sc-6622), rabbit IgG and goat IgG non-immune antibodies (3 µg for all antibodies) for 1 h at 4◦C with rotation.  Antibody solution was removed and then beads were washed with dilution buffer for 5 minutes at 4◦C, which was removed and then antibodies were cross-linked to beads by incubation with dimethyl pimelimidate (DMP) (Sigma Australia, 6.5mg/ml, 0.1 M triethanolamine diluent) for 30 minutes at room temperature with agitation. This 
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solution was then removed and beads washed with wash buffer (0.2 M triethanolamine, Sigma, Australia) for 5 minutes with rotation, this was repeated twice.  Crosslinking reaction was quenched with 50 µL of 50 mM ethanolamine (Sigma, Australia) and rotated for 5 minutes at room temperature.  Beads were washed with 50 µL PBS and excess unlinked antibody was removed by incubating beads with 50 uL of 1 M glycine (pH 3.0) for 10 minutes  at room temperature with rotation.  Beads were washed gently with 1% PBS-t for 5 minutes with rotation at room temperature and stored at 4◦C until use.   Protein from isolated uterine epithelial cells (300 µg) from day 1 of pregnancy was incubated with cross-linked beads with rotation at 4◦C for 3 hours. Unbound lysate was collected and stored for western blot analysis.  Beads were then washed six times with 1% PBS-t and then heated at 95 ◦C for 10 minutes with 20 µL of sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 1.6% SDS, 0.024% bromophenol blue, 
4% β-2-mercaptoethanol) to separate the beads from the antibody-antigen complex.  Supernatant was collected, subjected to SDS-PAGE as previously described and immunoblotted with rabbit anti-caveolin-1 (0.13 μg/ml; Santa Cruz Biotechnology, sc-894) or goat Integrin β1 (0.26 µg/ml; Santa Cruz Biotechnology, sc-6622).   
3.3.10 Statistical analysis The intensity of the bands detected from western blotting analysis was quantified using the two-dimensional spot density from the Alpha Innotech Digital System (Alpha Innotech). The integrated density value (IDV) was calculated using the AlphaEaseFC software. Statistical analysis was performed by student’s t-test for early pregnancy and one-way ANOVA for comparison of hormone treatment groups with a Tukey’s post hoc test. The mean ± SEM was calculated and p < 0.05 was considered to be significant.  Student’s t-test was also employed for statistical analysis of the number of caveolae, where the mean ± SEM was calculated and a p < 0.05 was considered to be significant.     
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3.4 RESULTS 
‘’Caveolin 1 and 2 are relocated to the basal plasma membrane at the time of 
implantation’’ Immunofluorescence microscopy of caveolin 1 (figure 3.1a) and 2 (figure 3.1b) demonstrated localisation on day 1 of pregnancy in UECs to the cytoplasm. A shift in localisation to the basal plasma membrane of caveolin 1 and 2 on day 6 of pregnancy (figures 3.1c, 3.1d) was observed with a return to a diffuse staining of caveolin 1 and punctate staining of caveolin-2 in the cytoplasm of UECs on day 9 of 
pregnancy (figures 3.1e, 3.1f) similar to that seen on day 1 of pregnancy. Caveolin 1 and 2 was also localised to blood vessels and also smooth muscle of the myometrium (not shown) on all days of pregnancy studied. 
‘’Caveolin 1 protein abundance increases and caveolin 2 protein abundance 
decreases at the time of implantation’’ Western blotting analysis of caveolin 1 (22 KDa) protein abundance in isolated uterine epithelial cells was significantly increased on day 6 of pregnancy (figure 
3.2a) compared to day 1 of pregnancy [p < 0.05]; with subcellular fractionation showing a further significant increase seen at this time in the membrane fraction of isolated luminal uterine epithelia [p <0.05] (figure 3.2b).  
Expression of three isoforms of caveolin 2 (α - 22 KDa, β – 16 KDa, and γ – 11 KDa) was observed (figure 3.2c) in isolated UECs. The overall protein abundance of caveolin 2 is significantly reduced on day 6 of pregnancy in isolated uterine 
epithelial cells [p < 0.05]. An increase in the β isoform of caveolin 2 was observed in the membrane fraction of isolated uterine epithelial cells on day 6 of pregnancy 
(figure 3.2d).  
‘’Morphological caveolae at the basal plasma membrane are increased at the 
time of implantation’’  Transmission electron microscopy of luminal uterine epithelial cells on day 1 
(figure 3.3a) and day 6 (figure 3.3b) of pregnancy shows the presence of morphological caveolae at the basal plasma membrane. Morphological caveolae at the basal plasma membrane were counted and were found to significantly increase 3.5 fold on day 6 of pregnancy [p<<0.05] (figure 3.3c). 
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‘’Caveolin 1 and 2 are localised to the basal plasma membrane under influence 
of progesterone’’ The hormonal control of caveolin 1 and 2 localisation was determined using ovariectomised rats treated with various hormonal regimes.  Caveolin 1 and 2 are localised cytoplasmically in luminal uterine epithelial cells under EEE treatment 
(figures 3.4b, 3.4f).  Both caveolin 1 and 2 were localised to the basal plasma membrane of luminal uterine epithelial cells in PPP (figures 3.4c, 3.4g) and also PPPE (figures 3.4d, 3.4h) treated animals.   
‘’Caveolin 1 protein abundance is increased and caveolin 2 protein abundance 
is decreased in response to progesterone.’’ Western blotting analysis of isolated UECs of ovariectomised rats treated with various hormone regimes demonstrated caveolin 1 protein abundance to be significantly higher [p <0.05] under the influence of progesterone in isolated luminal uterine epithelial cells (figure 3.5a) compared to oestrogen and vehicle treated groups. Caveolin 2 protein abundance however, is significantly lower [p <0.05] under hormonal influences in isolated luminal uterine epithelial cells 
(figure 3.5b) compared to vehicle alone.  
‘’Basal localisation of pY14 caveolin 1 and association with integrin β1 at the 
time of fertilisation.’’ Post translational modifications of caveolin 1 such as phosphorylation at tyrosine 14 (pY14) residue have been reported to mediate integrin regulated membrane domain internalisation (del Pozo et al. 2005), and as such would have a localisation that would differ to the overall caveolin 1 localisation in UECs.  Immunofluorescence microscopy of pY14 caveolin 1 showed a basal localisation in luminal uterine epithelial cells on both day 1 and day 6 of pregnancy (figure 3.6a, 3.6b).  Western blotting analysis showed the protein abundance of pY14 caveolin 1 in isolated uterine epithelial cells was significantly increased on day 6 of pregnancy (figure 3.6c) compared to day 1 of pregnancy.  Co-immunoprecipitation was employed to determine if there is an association between caveolin 1 and 
integrin β1 on day 1 of pregnancy in UECs. Caveolin 1 co-immunoprecipitated with 
integrin β1 on day 1 of pregnancy (figure 3.6d) but not on day 6 of pregnancy 
where integrin β1 is absent (Kaneko et al. 2011).  
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 Figure 3.1 Immunofluorescence microscopy of caveolin 1 and 2 in the rat 
uterus during early pregnancy Immunofluorescence micrographs of UECs stained with polyclonal anti-caveolin 1 antibody (green) or polyclonal anti–caveolin 2 antibody (green) and cell nuclei counterstained with dapi (blue).  On day 1 of pregnancy (a) caveolin 1 displays a cytoplasmic localisation in UECs.  On day 6 of pregnancy caveolin 1 (c) is localised basally in UECs (arrow head). On day 9 of pregnancy (e) caveolin 1 staining is similar to that seen on day 1 of pregnancy (a). On day 1 of pregnancy (b) caveolin 2 displays a diffuse cytoplasmic staining in UECs.  On day 6 of pregnancy caveolin 2 
(d) is localised basally in UECs (arrow head). On day 9 of pregnancy (f) caveolin 2 staining is similar to that seen on day 1 of pregnancy (b). Day 6 (g) and PPPE treated (h) Non Immune controls. E, luminal uterine epithelial cells; L, lumen; BV, blood vessel, arrow heads, basal plasma membrane. Bar = 30 µm   
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Figure 3.2 Western blotting analysis of caveolin 1 and 2  Western blotting analysis of caveolin 1 expression from isolated UECs from day 1 and day 6 of pregnancy (a), β actin was used as a loading control. Caveolin 1 was found to be significantly increased (p < 0.05, n=5) on day 6 of pregnancy with densitometric analysis. Integral density values (IDV) were calculated and are shown as ± SEM. Caveolin 1 protein abundance is significantly increased (p < 0.05, n=5) in the membrane (M) component of isolated uterine epithelial cells that have been separated into their membrane (M) and cytosolic (C) components (b).  Western blotting analysis of caveolin 2 expression from isolated UECs from day 1 and day 6 of pregnancy (c), β actin was used as a loading control. Caveolin 2 total protein abundance was found to be significantly reduced (p < 0.05, n=5) on day 6 of pregnancy with densitometric analysis. Integral density values (IDV) were calculated and are shown as ± SEM. Caveolin 2 total protein abundance was not found to be significantly different between the membrane (M) and cytosolic (C) component of isolated uterine epithelial cells (d). 
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Figure 3.3 Transmission electron micrographs of the basal plasma 
membrane UECs  Transmission electron micrographs of luminal UECs on day 1 (a) and day 6 (b) of pregnancy.  Morphological caveolae (*) are observed on the basal plasma membrane (arrow head) of luminal uterine epithelial cells on day 6 of pregnancy.  There is a significant (p<<0.05 n=5, students T-test) increase in the number of morphological caveolae observed on day 6 of pregnancy (c).                       
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Figure 3.4 Immunofluorescence microscopy of caveolin 1 and 2 in the rat 
uterus of ovariectomised rats 
(a-d) Immunofluorescence micrographs of rat UECs (E) stained with caveolin 1 (green) and nuclei counterstained with dapi (blue) from ovariectomised rats treated with vehicle alone (a), oestrogen alone (b), progesterone alone (c) and combined progesterone and oestrogen (d).  Caveolin 1 is localised basally in UECs under progesterone control (c), and under combined progesterone and oestrogen treatment (d). Localisation of caveolin 1 is cytoplasmic under oestrogen (b) and vehicle (a) treatment.  
(e-h) Immunofluorescence micrographs of rat UECs (E) stained with caveolin 2 (green) and nuclei counterstained with dapi (blue) from ovariectomised rats treated with vehicle alone (e), oestrogen alone (f), progesterone alone (g), and combined progesterone and oestrogen (h).  Caveolin 2 is localised basally in luminal uterine epithelial cells under progesterone control (g), and under combined progesterone and oestrogen treatment (h). Localisation of caveolin 2 is cytoplasmic under oestrogen (f) and vehicle (a) treatment. Scale bar 30 µm. L, lumen; E, epithelium; BV, blood vessel. 
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Figure 3.5 Western blotting of isolated uterine epithelial cells from 
ovariectomised rats Western blotting of isolated UECs from ovariectomised rats treated with progesterone alone (P), oestrogen alone (E), oestrogen and progesterone (PE), and vehicle alone (C). Densitometric analysis of western blotting and statistical analysis by one-way ANOVA demonstrated that caveolin 1 protein abundance is increased under progesterone treatment (p <0.05, n=5) (a). Caveolin 2 total protein abundance decreased under hormonal treatment (p <0.05, n=5) and demonstrated by one way ANOVA analysis (b). Integral density values (IDV) were calculated and are shown as ± SEM. 
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Figure 3.6 Immunofluorescence microscopy and western blotting of p-cav 1 
(Y14) in UECs during early pregnancy 
(a, b) Immunofluorescence micrographs of UECs stained with polyclonal anti- pY14-caveolin 1 antibody (red) and cell nuclei counterstained with dapi (blue).  On day 1 (a) and day 6 (b) of pregnancy pY14-caveolin 1 displays a basal localisation in luminal uterine epithelial cells (arrow head).  E, luminal uterine epithelial cells; L, lumen; S, stroma. Bar = 30 µm   Western blotting analysis of pY14-caveolin 1 expression from UECs from day 1 and day 6 of pregnancy (c), β actin was used as a loading control.  pY14-caveolin 1 was found to be significantly increased (p < 0.05, n=5) on day 6 of pregnancy with densitometric analysis. Integral density values (IDV) were calculated and are shown as ± SEM.  Co-immunoprecipitation between caveolin 1 and integrin β1 (d) was performed to determine an association between these two proteins on day 1 of pregnancy in isolated luminal uterine epithelial cell lysates.  Cell lysates from day 1 and day 6 of pregnancy were subjected to immunoprecipitation (IP) against antibodies caveolin 1 (+), rabbit IgG (-) and integrin β1 (+), goat IgG (-), and immunoblotted with 
integrin β1 and caveolin 1 antibodies respectively. Immunoblots were stripped and reprobed for immunoprecipitated antibody to confirm protein precipitate.  No 
integrin β1 or caveolin 1 was detected in the respective IgG control lanes. An 
association between caveolin 1 and integrin β1 was observed on day 1 of pregnancy but not on day 6 of pregnancy (data omitted).          
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3.5 DISCUSSION One aspect of uterine epithelial cells during the plasma membrane transformation of early pregnancy that has always been particularly intriguing is how they maintain their polarised state despite the loss of numerous membrane junctional structures and the related cytoskeletal elements of these junctions (Murphy 2001; Murphy 2004; Murphy and Shaw 1994). There have been suggestions that compensatory mechanisms involving the basal plasma membrane must exist but the present work is the first to provide evidence of one such mechanism.  This study investigated the expression and localisation of caveolin 1 and 2 in UECs during early pregnancy and also under the influence of ovarian hormones.  This study has documented for the first time the presence of morphological caveolae in luminal uterine epithelial cells at the time of implantation.  On day 1 of pregnancy caveolins 1 and 2 demonstrated a diffuse cytoplasmic localisation in luminal uterine epithelial cells. By day 6 of pregnancy there was redistribution in their localisation to the basal plasma membrane, with a corresponding significant increase in the number of morphological caveolae observed in these cells by TEM.  The redistribution of caveolins to the basal plasma membrane at the time of implantation and also the increase of morphological caveolae correspond to the significant increase in caveolin 1 protein expression at this time, and the increase in the amount of caveolin 1 protein in the membrane fraction.  However, a decrease in caveolin 2 protein abundance in uterine epithelial cells was also noted at the time of implantation. The appearance of caveolin 1 and 2 cytoplasmically at the time of fertilisation and more basally at the time of implantation may correspond to a change in vesicular trafficking at these times, as caveolae have been reported to be involved in transcytosis (Matveev et al. 2001; Millan et al. 2006; Navarro et al. 2004) in endothelial cells of both small and large molecules as well as potocytosis where caveolae utilize GPI anchored proteins that are enriched in their membranes to concentrate small molecules for translocation to the cytoplasm (Lisanti et al. 1995). The localisation of caveolins 1 and 2 after implantation (day 9) reverted to the pattern seen on day 1 of pregnancy. Hormonal studies showed that under oestrogen control the localisation of caveolin 1 and 2 was similar to day 1 of pregnancy, whereas progesterone alone or in combination with oestrogen led to the redistribution of caveolin 1 and 2 to the basal plasma 
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membranes similar to that seen at the time of implantation on day 6 of normal pregnancy.  Caveolin 1 and 2 were found to be located in endothelial cells of endometrial and myometrial blood vessels during all stages of pregnancy examined, and in response to all hormone regimes studied.  Localisation of caveolins 1 and 2 in blood vessels has been observed in the endothelium of other organs (Hu and Minshall 2009; Minshall et al. 2003; Predescu et al. 1994) and is related to effects on eNOS (endothelial Nitric Oxide Synthase)(Huang 2003; Minshall et al. 2003) and hence in the endometrium, caveolin may play a role in angiogenesis during early pregnancy, as well as an important role in later stages of pregnancy.   The basal localisation of caveolin 1 and 2 at the time of implantation is a key location for the formation of caveolae, and involvement in vesicular transport in UECs. Luminal uterine epithelial cells use endocytotic vacuoles, and also pinocytosis to transport molecules throughout and into the cell across the luminal surface of the uterus (Parr 1982; Parr 1980). Vesicles of various sizes in luminal uterine epithelial cells have been reported to be increased between days 5 and 6 of pregnancy in the rat compared to day 1 of pregnancy (Parr 1982; Parr 1980). These vesicles, while not identified as caveolae at the time, may have been caveolae playing a pinocytotic function at the time of implantation where caveolae traffic proteins and other molecules from the underlying stromal cells to the epithelium.   It is interesting however, that the protein abundance of caveolin 2 is reduced at the time of implantation unlike caveolin 1.  The differences in protein abundance of the two proteins may be due to caveolin 2 being an accessory protein, and not essential for the formation of caveolae (Anderson 1993; Sowa 2011). The increase in morphological caveolae seen at the time of implantation further supports this conclusion. This is the first study to identify morphological caveolae at the basal plasma membrane of luminal uterine epithelial cells at the time of implantation and the increase in the number of caveolae at this time is consistent with the basal redistribution of caveolin 1 and 2 and also the increase in caveolin 1 protein abundance at the time of implantation. Caveolin 1 and 2 in luminal uterine epithelial cells was found to be localised basally with both progesterone and combined progesterone and oestrogen treatment which was similar to what was observed on day 6 of pregnancy. This 
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was expected as this treatment is known to be sufficient for a morphologically receptive endometrium (Murphy and Rogers 1981; Murphy et al. 1981).  Caveolin 1 protein abundance was found to be increased under progesterone treatment, while caveolin 2 protein abundance was significantly reduced under all hormonal influences. This may be due to the localisation of caveolin 2 being dependent on the localisation of caveolin 1, since caveolin 1 expression is required for caveolin 2 exit from the golgi apparatus to the plasma membrane (Parolini et al. 1999). Caveolae, and hence caveolin 1 expression has been reported to be down regulated in uterine smooth muscle under oestrogen treatment (Turi et al. 2001), where 
caveolin 1 binds directly to oestrogen receptor α by means of its scaffolding domain (Schlegel et al. 1999). The scaffolding domain (SCD) of caveolin facilitates the interaction and organisation of receptors and signalling molecules.  The SCD of caveolin in caveolae is in the plane of the plasma membrane (Kirkham et al. 2008) which results in the inhibition of signalling molecules when bound to caveolin 1 in morphological caveolae; while molecules binding to the SCD of caveolin 1 in non caveolar or flattened caveolae would activate signalling.  In this study caveolin 1 and 2 protein expression is seen to be significantly reduced under oestrogen treatment in comparison to progesterone and control. We suggest that caveolin 1 binds to the oestrogen receptor in luminal uterine epithelial cells as pregnancy progresses to the time of implantation thereby sequestering the receptor in its inactive state and aiding in the development of a receptive uterine epithelium.  Post translational modifications such as phosphorylation of caveolin 1 at tyrosine 14 residue have been reported to affect its subcellular localisation (del Pozo et al. 2005; Li et al. 1996; Orlichenko et al. 2005; Sun et al. 2009).  Localisation of pY14 caveolin 1 was basal in luminal uterine epithelial cells at the time of fertilisation and implantation where morphological caveolae were found to be increased. While few caveolae were seen on day 1 of pregnancy, the localisation of pY14 caveolin 1 at the basal plasma membrane on day 1 of pregnancy suggests the presence of non caveolar regions or flattened caveolae at fertilisation.  Previous studies of pY14 
caveolin 1 have suggested roles in integrin β1 turnover (Salanueva et al. 2007; del Pozo et al. 2005) and other studies have shown that integrin β1 is lost from the basal plasma membrane of luminal uterine epithelial cells at the time of implantation (Kaneko et al. 2008; Kaneko et al. 2011). This study has 
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demonstrated an association between caveolin 1 and integrin β1 on day 1 of pregnancy, where the SCD of caveolin 1 may serve to bind to integrin β1 in non caveolar or flattened caveolar domains, and then progress to internalise integrin 
β1 as the membrane invaginates to form caveolae, thereby aiding in the disassembly of integrin based focal adhesions (Cheng et al. 2006; del Pozo et al. 2005; Salanueva et al. 2007). The apical and basolateral membranes of UECs undergo dramatic changes both morphologically and biochemically between non receptive and receptive states,  and lose many epithelial junctional structures and associated cytoskeletal components (Kaneko et al. 2009; Kaneko et al. 2008; Luxford and Murphy 1992; Murphy 2001; Murphy 1995; Murphy and Dwarte 1987; Preston et al. 2004). Despite these cellular changes UECs still maintain a polarised organisation of lipids and proteins, and a number of proteins are dependent on specific lipid rafts for their localisation and function (Fabbri et al. 2005; Head et al. 2006; Ikonen 2001; Lee et al. 2009).  An elevated concentration of glycosphingolipids and cholesterol at the apical surface in UECs may provide a rigid membrane (Petrache et al. 2005; Tabas 2002) that does not allow for membrane curvature or invaginated caveolae, while patches of glycosphingolipids and cholesterol at the basal plasma membrane may provide a more flexible membrane that contributes to both membrane curvature and invaginated caveolae (Mora et al. 1999; Mora et al. 2006; Parolini et al. 1999).  Earlier work on flotillin – another lipid raft marker which was found to be localised apically at the time of implantation (Lecce et al. 2013) and the work in this study shows a basal localisation of caveoli and caveolin at the time implantation in UECs which suggests that a polarised distribution of lipids and lipid rafts at the time of implantation may be a mechanism to maintain epithelial integrity where junctional structures such as focal adhesions (Kaneko et al. 2011; Kaneko et al. 2009) and desmosomes (Preston et al. 2004) and associated proteins are down regulated at the time of implantation for successful implantation.   In summary this work has shown that morphological caveoli are present at the basal plasma membrane of uterine epithelial cells during early pregnancy and also that caveolins redistribute to this region during the same period. We suggest that the increased caveolar formation and the accompanying increased turnover and 
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pinocytosis in the basal plasma membrane is a mechanism to compensate for the loss of membrane junctional structures in the basolateral plasma membrane and so maintain epithelial cell polarity.   
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
82  
3.6 REFERENCES 
Anderson RG (1993) Caveolae: Where incoming and outgoing messengers meet. Paper presented at the Proceedings of the National Academy of Sciences, February 12 
Cheng ZJ, Singh RD, Marks DL, Pagano RE (2006) Membrane microdomains, caveolae, and caveolar endocytosis of sphingolipids. Mol Membr Biol 23 (1):101-110. doi:10.1080/09687860500460041 
del Pozo MA, Balasubramanian N, Alderson NB, Kiosses WB, Grande-Garcia A, 
Anderson RG, Schwartz MA (2005) Phospho-caveolin-1 mediates integrin-regulated membrane domain internalization. Nat Cell Biol 7 (9):901-908. doi:10.1038/ncb1293 
Fabbri M, Meglio S, Gagliani MC, Consonni E, Molteni R, Bender JR, Tacchetti 
C, Pardi R (2005) Dynamic partitioning into lipid rafts controls the endo-exocytic cycle of the  l/ 2 integrin, lfa-1, during leukocyte chemotaxis. Molecular Biology of the Cell 16 (12):5793-5803 
Head BP, Patel HH, Roth DM, Murray F, Swaney JS, Niesman IR, Farquhar MG, 
Insel PA (2006) Microtubules and actin microfilaments regulate lipid raft/caveolae localization of adenylyl cyclase signaling components. J Biol Chem 281 (36):26391-26399. doi:10.1074/jbc.M602577200 
Hoshino Y, Shannon WA, Seligman AM (1976) Study of ferrocyanide-reduced osmium tetroxide as a stain and cytochemical agent. Acta Histochem Cytochem 9 (2):125-136 
Hu G, Minshall RD (2009) Regulation of transendothelial permeability by src kinase. Microvasc Res 77 (1):21-25. doi:10.1016/j.mvr.2008.10.002 
Huang PL (2003) Endothelial nitric oxide synthase and endothelial dysfunction. Curr Hypertens Rep 5 (6):473-480 
Ikonen E (2001) Roles of lipid rafts in membrane transport. Curr Opin Cell Biol 13 (4):470-477 
Kaneko Y, Lecce L, Day ML, Murphy CR (2011) Β1 and β3 integrins disassemble 
from basal focal adhesions and β3 integrin is later localised to the apical plasma membrane of rat uterine luminal epithelial cells at the time of implantation. Reproduction, Fertility and Development 23 (3):481 
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
83  
Kaneko Y, Lecce L, Murphy CR (2009) Ovarian hormones regulate expression of the focal adhesion proteins, talin and paxillin, in rat uterine luminal but not glandular epithelial cells. Histochemistry and Cell Biology 132 (6):613-622 
Kaneko Y, Lindsay LA, Murphy CR (2008) Focal adhesions disassemble during early pregnancy in rat uterine epithelial cells. Reprod Fertil Dev 20 (8):892-899 
Karnovsky MJ (1971) Use of ferrocyanide-reduced osmium tetroxide in electron microscopy. Abstracts of the American Society of Cell Biology, Eleventh Annual Meeting, New Orleans:146 
Kirkham M, Nixon SJ, Howes MT, Abi-Rached L, Wakeham DE, Hanzal-Bayer 
M, Ferguson C, Hill MM, Fernandez-Rojo M, Brown DA, Hancock JF, Brodsky 
FM, Parton RG (2008) Evolutionary analysis and molecular dissection of caveola biogenesis. Journal of Cell Science 121 (12):2075-2086. doi:10.1242/jcs.024588 
Lecce L, Lindsay L, Kaneko Y, Murphy CR (2013) Icam-2 and lipid rafts disappear from the basal plasma membrane of uterine epithelial cells during early pregnancy in rats. Cell Tissue Res 353 (3):563-573. doi:10.1007/s00441-013-1656-0 
Lee IH, Campbell CR, Song SH, Day ML, Kumar S, Cook DI, Dinudom A (2009) The activity of the epithelial sodium channels is regulated by caveolin-1 via a nedd4-2-dependent mechanism. Journal of Biological Chemistry 284 (19):12663-12669. doi:DOI 10.1074/jbc.M809737200 
Li S, Seitz R, Lisanti MP (1996) Phosphorylation of caveolin by src tyrosine kinases. The alpha-isoform of caveolin is selectively phosphorylated by v-src in vivo. J Biol Chem 271 (7):3863-3868 
Lisanti M, Tang Z, Scherer P, Sargiacomo M (1995) Caveolae purification and glycosylphosphatidylinositol-linked protein sorting in polarized epithelia. Methods in enzymology 250:655-668 
Lo WK, Zhou CJ, Reddan J (2004) Identification of caveolae and their signature proteins caveolin 1 and 2 in the lens. Experimental Eye Research 79 (4):487-498. doi:DOI 10.1016/j.exer.2004.06.019 
Luxford KA, Murphy CR (1992) Reorganization of the apical cytoskeleton of uterine epithelial cells during early pregnancy in the rat: A study with myosin 
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
84  
subfragment 1. Biology of the cell / under the auspices of the European Cell Biology Organization 74 (2):195-202 
Matveev S, Li X, Everson W, Smart EJ (2001) The role of caveolae and caveolin in vesicle-dependent and vesicle-independent trafficking. Adv Drug Deliv Rev 49 (3):237-250 
Millan J, Hewlett L, Glyn M, Toomre D, Clark P, Ridley AJ (2006) Lymphocyte transcellular migration occurs through recruitment of endothelial icam-1 to caveola- and f-actin-rich domains. Nature Cell Biology 8 (2):113-U115. doi:Doi 10.1038/Ncb1356 
Minshall RD, Sessa WC, Stan RV, Anderson RG, Malik AB (2003) Caveolin regulation of endothelial function. American journal of physiology Lung cellular and molecular physiology 285 (6):L1179-1183. doi:10.1152/ajplung.00242.2003 
Mora R, Bonilha VL, Marmorstein A, Scherer PE, Brown D, Lisanti MP, 
Rodriguez-Boulan E (1999) Caveolin-2 localizes to the golgi complex but redistributes to plasma membrane, caveolae, and rafts when co-expressed with caveolin-1. Journal of Biological Chemistry 274 (36):25708-25717. doi:DOI 10.1074/jbc.274.36.25708 
Mora RC, Bonilha VL, Shin BC, Hu J, Cohen-Gould L, Bok D, Rodriguez-Boulan 
E (2006) Bipolar assembly of caveolae in retinal pigment epithelium. American journal of physiology Cell physiology 290 (3):C832-843. doi:10.1152/ajpcell.00405.2005 
Murphy C (2001) The plasma membrane transformation: A key concept in uterine receptivity. Reproductive Medicine Review 9 (03) 
Murphy C, Rogers A (1981) Effects of ovarian hormones on cell membranes in the rat uterus. Iii. The surface carbohydrates at the apex of the luminal epithelium. Cell Biophysics 3 (4):305-320 
Murphy CR (1995) The cytoskeleton of uterine epithelial cells: A new player in uterine receptivity and the plasma membrane transformation. Hum Reprod Update 1 (6):567-580 
Murphy CR (2004) Uterine receptivity and the plasma membrane transformation. Cell Res 14 (4):259-267. doi:10.1038/sj.cr.7290227 
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
85  
Murphy CR, Dwarte DM (1987) Increase in cholesterol in the apical plasma membrane of uterine epithelial cells during early pregnancy in the rat. Acta Anat (Basel) 128 (1):76-79 
Murphy CR, Martin B (1985) Cholesterol in the plasma membrane of uterine epithelial cells: A freeze-fracture cytochemical study with digitonin. J Cell Sci 78:163-172 
Murphy CR, Shaw TJ (1994) Plasma membrane transformation: A common response of uterine epithelial cells during the peri-implantation period. Cell Biol Int 18 (12):1115-1128. doi:10.1006/cbir.1994.1038 
Murphy CR, Swift JG, Mukherjee TM, Rogers AW (1981) Effects of ovarian hormones on cell membranes in the rat uterus. Ii. Freeze-fracture studies on tight junctions of the lateral plasma membrane of the luminal epithelium. Cell Biophys 3 (1):57-69. doi:10.1007/BF02782153 
Navarro A, Anand-Apte B, Parat MO (2004) A role for caveolae in cell migration. Faseb J 18 (15):1801-1811. doi:10.1096/fj.04-2516rev 
Orlichenko L, Huang B, Krueger E, McNiven M (2005) Epithelial growth factor-induced phosphorylation of caveolin 1 at tyrosine 14 stimulates caveolae formation in epithelial cells. Journal of Biological Chemistry 281 (8):4570-4579 
Parolini I, Sargiacomo M, Galbiati F, Rizzo G, Grignani F, Engelman JA, 
Okamoto T, Ikezu T, Scherer PE, Mora R, Rodriguez-Boulan E, Peschle C, 
Lisanti MP (1999) Expression of caveolin-1 is required for the transport of caveolin-2 to the plasma membrane - retention of caveolin-2 at the level of the golgi complex. Journal of Biological Chemistry 274 (36):25718-25725. doi:DOI 10.1074/jbc.274.36.25718 
Parr M (1982) Apical vesicles in the rat uterine epithelium during early pregnancy: A morphometric study. Biol Reprod 26 (5):915-924 
Parr MB (1980) Endocytosis at the basal and lateral membranes of rat uterine epithelial-cells during early-pregnancy. J Reprod Fertil 60 (1):95-99 
Petrache HI, Harries D, Parsegian VA (2005) Alteration of lipid membrane rigidity by cholesterol and its metabolic precursors. Macromolecular Symposia 219 (1):39-50. doi:10.1002/masy.200550105 
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
86  
Predescu D, Horvat R, Predescu S, Palade GE (1994) Transcytosis in the continuous endothelium of the myocardial microvasculature is inhibited by n-ethylmaleimide. Proceedings of the National Academy of Sciences of the United States of America 91 (8):3014-3018. doi:DOI 10.1073/pnas.91.8.3014 
Preston AM, Lindsay LA, Murphy CR (2004) Progesterone treatment and the progress of early pregnancy reduce desmoglein 1&2 staining along the lateral plasma membrane in rat uterine epithelial cells. Acta Histochem 106 (5):345-351. doi:10.1016/j.acthis.2004.07.004 
Psychoyos A (1973) Hormonal control of ovoimplantation. Vitam Horm 31:201-256 
Salanueva IJ, Cerezo A, Guadamillas MC, del Pozo MA (2007) Integrin regulation of caveolin function. J Cell Mol Med 11 (5):969-980. doi:10.1111/j.1582-4934.2007.00109.x 
Schlegel A, Wang C, Katzenellenbogen BS, Pestell RG, Lisanti MP (1999) Caveolin-1 potentiates estrogen receptor alpha (eralpha) signaling. Caveolin-1 drives ligand-independent nuclear translocation and activation of eralpha. J Biol Chem 274 (47):33551-33556 
Sowa G (2011) Novel insights into the role of caveolin-2 in cell- and tissue-specific signaling and function. Biochemistry Research International 2011:1-9 
Sun Y, Hu G, Zhang X, Minshall RD (2009) Phosphorylation of caveolin-1 regulates oxidant-induced pulmonary vascular permeability via paracellular and transcellular pathways. Circ Res 105 (7):676-685, 615 p following 685. doi:10.1161/CIRCRESAHA.109.201673 
Tabas I (2002) Consequences of cellular cholesterol accumulation: Basic concepts and physiological implications. The Journal of clinical investigation 110 (7):905-911. doi:10.1172/JCI16452 
Turi A, Kiss AL, Mullner N (2001) Estrogen downregulates the number of caveolae and the level of caveolin in uterine smooth muscle. Cell Biol Int 25 (8):785-794. doi:10.1006/cbir.2001.0769 
Vogel U, Sandvig K, van Deurs B (1998) Expression of caveolin-1 and polarized formation of invaginated caveolae in caco-2 and mdck ii cells. J Cell Sci 111 ( Pt 6):825-832 
CHAPTER 3  CAVEOLINS DURING EARLY PREGNANCY 
87  
Williams TM, Lisanti MP (2004) The caveolin genes: From cell biology to medicine. Ann Med 36 (8):584-595  
CHAPTER 4  CAVINS DURING EARLY PREGNANCY 
88  
        
4 CHAPTER 4: PTRF IS ASSOCIATED WITH 
CAVEOLIN-1 IN UTERINE EPITHELIAL CELLS 
AT THE TIME OF IMPLANTATION, BUT 
SDPR IS LOST AT THE TIME OF 
IMPLANTATION.  
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4.1 ABSTRACT The plasma membrane of uterine epithelial cells undergoes a number of changes during early pregnancy. The changes in the basolateral membrane at the time of implantation in particular change from being smooth to highly tortuous in morphology, along with a dramatic increase in the number of morphological caveolae at this time. The major protein of caveolar membranes is caveolin, however, previous studies have shown that PTRF (RNA pol I transcription factor) and SDPR (serum deprivation protein response) are two members of the cavin protein family. These proteins are known to be involved in caveolae biogenesis, where they directly bind to cholesterol and lipids and have been reported to promote membrane curvature.  As there is an increase in membrane tortuosity and caveolae at the time of implantation, this study investigated PTRF and SDPR to explore the possible roles that they play in the morphology of the uterine epithelium during early pregnancy. PTRF protein abundance did not change in uterine epithelial cells during early pregnancy or in response to ovarian hormones. At the time of implantation in uterine epithelial cells PTRF co-immunoprecipitated with caveolin 1 thereby demonstrating an association with caveolin-1 at the basal plasma membrane in caveolae. SDPR protein was observed to be present only at the time of fertilisation, and also under the influence of oestrogen alone, where a cytoplasmic localisation in uterine epithelial cells was observed. The localisation and expression PTRF and SDPR in uterine epithelial cells during early pregnancy suggest that they have roles in the maintenance of lipids and cholesterol in the plasma membrane. PTRF and SDPR may contribute not only to the morphology of the basal plasma membrane as observed at the time of implantation, but also the maintenance of epithelial polarity during early pregnancy.    
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4.2 INTRODUCTION Luminal uterine epithelial cells (UECs) undergo extensive molecular and morphological changes during early pregnancy in order for them to be receptive to blastocyst implantation.  The changes that these cells undergo include a redistribution of lipid and cholesterol in the plasma membrane (Murphy and Dwarte 1987; Lecce et al. 2013) and also the presence of vesicles of various sizes which are increased during the pre-implantation period (Parr 1982; Parr 1980). The basolateral membrane in particular loses integrin based focal adhesions, and becomes more tortuous at the time of implantation (Kaneko et al. 2008; Demir et al. 2002; Shion and Murphy 1995) Cavins are a family of peripheral membrane proteins (Hayer et al. 2010) of which there are four members; PTRF (RNA pol I transcription factor) also known as cavin 1; SDPR (serum deprivation protein response) also known as cavin 2; SBRC (sdr related gene product that binds to C kinase) also known as cavin 3; and MURC (muscle restricted coiled-coiled protein) also known as cavin 4. All members of this family have been found to be present in caveolar membranes (Bastiani et al. 2009; Liu and Pilch 2008; Hill et al. 2008; Hansen et al. 2009; McMahon et al. 2009) where they serve to regulate caveolae dynamics (Briand et al. 2011).  Caveolae are omega shaped invaginations of the plasma membrane and function as scaffolds for signalling as well as intracellular transport vesicles and also serve to regulate lipid composition of the plasma membrane.  Initially caveolae were thought to contain only caveolin-1, however, recent evidence found a role for PTRF and SDPR in caveolae formation (Fra et al. 1995; Bauer and Pelkmans 2006). Caveolin, PTRF and SDPR have been found to associate with each other and form protein complexes, in which one member of the complex regulates the expression of the other members of the complex, (McMahon et al. 2009; Mineo et al. 1998; Hill et al. 2008; Hill et al. 2012; Nabi 2009) thereby affecting the formation and morphology of caveolae.  Morphological caveolae at the basolateral membrane have been observed at the time of implantation along with an increase in caveolin -1 protein in luminal uterine epithelial cells at the time of implantation (Thesis chapter 3). Given this data and that both PTRF and SDPR are associated with both the biogenesis and shape of caveolae and this in turn contributes to membrane curvature, this study 
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investigated the localisation and expression of PTRF and SDPR during early pregnancy, and also the association of PTRF with caveolin-1 at the time of implantation.   
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4.3 MATERIALS AND METHODS 
4.3.1 Animals Female virgin Wistar rats (10–12 weeks of age) were housed in plastic cages at 21°C with a 12-h light–dark cycle and were fed and watered ad libitum. Vaginal smearing was performed to determine stage of the oestrous cycle, and those rats showing a vaginal smear characteristic of pro-oestrus were caged overnight with a male of proven fertility. The presence of sperm in the vaginal smear taken the following morning indicated mating and was designated day 1 of pregnancy. Uterine horns from days 1 and 6 were collected to correspond to the time of fertilisation and implantation. Five rats were collected for each day of pregnancy. All experimental procedures were approved by The University of Sydney ethics committee. 
4.3.2 Immunofluorescence microscopy Uterine tissue from normal pregnant and ovariectomised rats treated with ovarian hormones, were embedded in O.C.T compound (Tissue-Tek; Sakura Firetek, Torrance, CA, USA), snap frozen in supercooled isopentane (BDH Laboratory supplies, Poole Dorset, England, UK) and stored under liquid nitrogen until use. Sections, 7 µm, were cut using a Leica LM 3050 cryostat (Leica, Heerbrugg, Switzerland). Tissue sections were air dried on gelatine-chrome alum-coated glass slides at room temperature and fixed with 4% PFA for 10 minutes at room temperature, washed in PBS 3 x 5 min, and subsequently blocked in 1% bovine serum albumin (BSA; Sigma) in PBS for 30 min. All primary and secondary antibodies were diluted with this blocking solution. Sections were incubated with primary antibody of goat polyclonal SDPR (N19) (0.8 µg, Santa Cruz Biotechnology, Dallas, Texas, USA: sc-162162) , overnight at 4 ◦C. Sections were washed in PBS 3 × 5 min, and incubated with Alexafluor 488 (A488)-conjugated AffiniPure donkey anti goat IgG secondary antibody (Life Technologies, Carlsbad, California, USA) at a 
concentration of 2.5 μg/mL for 1 h in the dark followed by 3 × 5 min PBS washes. Sections were then mounted with vectashield containing DAPI (Vector, Burlingame, CA, USA), cover slipped and examined with a Zeiss Deconvolution microscope (Carl Zeiss Inc., Jena, Germany). Immunofluorescence micrographs were taken using a Zeiss AxioCamHR digital monochrome CCD camera (Carl Zeiss 
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Inc., Jena, Germany) and Zeiss Zen 2011 image-acquisition software. Non-immune controls were carried out with experimental runs where sections were incubated 
with goat IgG purified immunoglobulin (0.8 μg/mL; Sigma) in place of the primary antibody.  
4.3.3 Isolation of uterine luminal epithelial cells Uterine luminal epithelial cells were isolated from each animal as previously described (Kaneko et al. 2008). The uterine horn was opened longitudinally and surface luminal epithelial cells were scraped off using sterile surgical blades (Livingstone International, Rosebery, NSW, Australia) and immediately placed into lysis buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholic acid, 1% Igepal and protease inhibitor cocktail; Sigma Mammalian Cell lysis kit, Sigma). The cell lysate was passed through a 23 gauge needle using a 1 ml syringe (Livingstone, International, Rosebery, NSW, Australia) and briefly centrifuged at 8,000g at 4 °C. The supernatant was collected and frozen 
immediately in liquid nitrogen and stored at −80°C until use. 
4.3.4 Western blotting analysis Protein concentrations were determined using the BCA protein assay (Micro BCA™ Protein assay kit; Quantum Scientific, Murarrie, QLD, Australia) and POLAR Star Galaxy microplate reader (BMG LabTech, Durham, NC, USA) according to the manufacturer’s instructions. Protein samples (20 µg) and sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 1.6% SDS, 0.024% bromophenol blue, 4% β-2-mercaptoethanol) were boiled at 95°C for 5 minutes prior to loading onto a 12% SDS-polyacrylamide gel. Gels were subjected to electrophoresis at 200 V for 40 minutes and proteins transferred to a polyvinylidene dilfluoride (PVDF) membrane (Immunobilon™ transfer membrane; Millipore, Bedford, MA, USA) at 100 V for 1 hour. Membranes were blocked by incubating in a solution of 5% skim milk powder in TBS-t (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature with constant agitation, followed by primary antibody incubation with mouse polyclonal anti-PTRF antibody (0.2 μg/mL, Santa Cruz: sc-136300), or goat polyclonal anti-SDPR (N-19) antibody (0.13 μg/mL, Santa Cruz sc-162162) overnight at 4°C. All antibodies were diluted with 1% skim milk powder in TBST. The membranes were washed 3 × 10 min in TBST and 
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subsequently incubated for 2 h with sheep anti mouse (0.4 µg/mL, Amersham, GE healthcare, Buckinghamshire, UK) and goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (0.5 µg/mL; Dako, VIC, Australia) respectively at room temperature with constant agitation. The proteins were detected by enhanced chemiluminescence (ECL Plus Western Blotting Detection System; Amersham, GE Healthcare, NSW, Australia) and unsaturated images were captured using the Alpha Innotech Digital Imaging System (Alpha Innotech, San Leandro, CA, USA). Membranes were subsequently rinsed in TBST and antibodies removed by heating at 60°C for 45 min in stripping buffer (62.5 mM Tris–HCl, pH 
6.7, 2% SDS and 100 mM β-2-mercaptoethanol) and reprobed with mouse monoclonal anti-β-actin antibody (0.4 μg/mL; Sigma, NSW, Australia) to ensure equal loading. 
4.3.5 Co-immunoprecipitation Beads were cross-linked with primary antibodies prior to immunoprecipitation (method adapted from Abcam).  Magnetic beads (PureProteome™ Protein G Magnetic Beads, Millipore) were washed with PBS and incubated with 50 µL dilution buffer (0.1% BSA/PBS) with rotation for 10 minutes at 4◦C. Dilution buffer was removed and incubated with rabbit anti-caveolin-1 (Santa Cruz sc-894) or mouse PTRF (Santa Cruz sc-136300), rabbit IgG and mouse IgG non-immune antibodies (3 µg for all antibodies; Sigma, Australia) for 1 h at 4◦C with rotation.  Antibody solution was removed and then beads were washed with dilution buffer for 5 minutes at 4◦C, which was removed and then antibodies were cross-linked to beads by incubation with dimethyl pimelimidate (DMP) (Sigma Australia, 6.5mg/mL, 0.1 M triethanolamine diluent) for 30 minutes at room temperature with agitation. This solution was then removed and beads washed with wash buffer (0.2 M triethanolamine, Sigma, Australia) for 5 minutes with rotation, this was repeated twice.  Crosslinking reaction was quenched with 50 µL of 50 mM ethanolamine (Sigma, Australia) and rotated for 5 minutes at room temperature.  Beads were washed with 50 µL PBS and excess unlinked antibody was removed by incubating beads with 50 uL of 1 M glycine (pH 3.0) for 10 minutes  at room temperature with rotation.  Beads were washed gently with 1% PBS-t for 5 minutes with rotation at room temperature and stored at 4◦C until use. 
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Protein from isolated uterine epithelial cells (300 µg) from day 1 of pregnancy was incubated with cross-linked beads with rotation at 4◦C for 3 hours. Beads were then washed six times with 1% PBS-t and then heated at 95 ◦C for 10 minutes with 20 µL of sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 1.6% SDS, 0.024% 
bromophenol blue, 4% β-2-mercaptoethanol) to separate the beads from the antibody-antigen complex.  Supernatant was collected, subjected to SDS-PAGE as previously described and immunoblotted with rabbit anti-caveolin-1 (0.13 μg/mL; Santa Cruz Biotechnology, sc-894) or mouse PTRF (0.2 µg/mL; Santa Cruz Biotechnology, sc-136300).   
4.3.6 Statistical analysis The intensity of the bands detected from western blotting analysis was quantified using the two-dimensional spot density from the Alpha Innotech Digital System (Alpha Innotech). The integrated density value (IDV) was calculated using the AlphaEaseFC software. Statistical analysis was performed by student’s t-test for early pregnancy and one-way ANOVA for comparison of hormone treatment groups with a Tukey’s post hoc test. The mean ± SEM was calculated and p < 0.05 was considered to be significant.   
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4.4 RESULTS 
SDPR is localised and expressed in luminal UECs at the time of fertilisation but 
not at the time of implantation Immunofluorescent sections showed the presence of SDPR in UECs and also in glandular epithelium.  Immunofluorescent labelling of SDPR in UECs showed a cytoplasmic localisation on day 1 of pregnancy (figure 4.1a). On day 6 of pregnancy there was absence in staining of SDPR (figure 4.1b) compared to day 1 of pregnancy. SDPR immunolabelling in endometrial glands was cytoplasmic on both days of pregnancy studied. Immunolabelling of UECs with PTRF was unsuccessful despite troubleshooting efforts.  Western blotting analysis of SDPR of isolated UECs showed the presence of SDPR on day 1 of pregnancy but not on day 6 of pregnancy.  Two bands of SDPR were observed on day 1 of pregnancy at 110 kDa and also at its monomeric weight of 49 kDa (figure 4.2B). Equal loading was confirmed with β-actin staining.  
SDPR localisation and protein expression in luminal UECs is dependent on 
oestrogen The hormonal control of SDPR localisation was determined using ovariectomised rats treated with PPP, EEE, PPPE, and vehicle.  SDPR localisation in UECs was found to be dependent on EEE treatment (figure 4.1d). SDPR labelling in luminal UECs under other hormonal regimes (PPP, PPPE, and vehicle) was absent (figure 
4.1c, e, f).  SDPR localisation in endometrial glandular epithelium was cytoplasmic under all hormonal regimes studied.  Western blotting analysis of isolated luminal UECs from ovariectomised rats treated with above mentioned hormonal regimes showed SDPR expression under EEE treatment only at 100 kDa and 49 kDa (figure 4.2B). Monoclonal β-actin was used as a loading control to ensure equal loading.   
PTRF protein abundance is unaltered during early pregnancy and in response 
to ovarian hormones Western blotting analysis of PTRF during early pregnancy displayed a 60 kDa band of PTRF from isolated luminal uterine epithelial cells on both days 1 and 6 of pregnancy.  Protein abundance of PTRF is not significantly altered between day 1 and day 6 of pregnancy (p>0.05, figure 4.2A). Western blotting analysis of isolated 
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UECs of ovariectomised rats treated with various hormone regimes showed no significant change in the protein abundance of PTRF (figure 4.2A) under these 
regimes. Monoclonal β-actin was used as a loading control.   
PTRF associates with caveolin-1 at the time of implantation PTRF has been found in caveolar membranes and has been shown to drive caveolar formation. Co-immunoprecipitation was used to determine if there is an association between PTRF and caveolin-1 on day 6 of pregnancy in UECs and gauge the localisation of PTRF in UECs based upon this association. Caveolin-1 co-immunoprecipitated with PTRF in isolated UECs on day 6 of pregnancy (figure 
4.3).    
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Figure 4.1 Immunofluorescence microscopy of SDPR in the uterus during 
early pregnancy  Immunofluorescence micrographs of endometrium stained with polyclonal SDPR antibody (green) and counterstained with dapi (blue). On day 1 of pregnancy (a) SDPR is localised to the cytosol of luminal UECs.  On day 6 of pregnancy (b), SDPR staining is absent in luminal UECs.  In uteri of ovariectomised rats treated with progesterone only (c) combination of progesterone and oestrogen (e) and with vehicle control SDPR staining was absent in luminal UECS. Only under oestrogen alone treatment (d) did SDPR localise to the cytosol of luminal UECS. Glandular staining of SDPR was present during early pregnancy and in uteri of ovariectomised rates treated with hormones (f). Randomised goat IgG control of day 6 uterus (g).  E, luminal epithelial cells; L, lumen; S, stroma; G, gland. Scale bar = 30 µm.   
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Figure 4.2 PTRF and SDPR western blotting of isolated uterine epithelial cells  Western blotting analysis of PTRF (60 kDa) (A) from isolated UECs on day 1 and day 6 of pregnancy, and ovariectomised rats treated with progesterone alone (P), oestrogen alone (E), progesterone and oestrogen (PE), and vehicle alone (C). Densitometric analysis of western blotting and statistical analysis by student’s t-test and also one way ANOVA showed no significant difference in PTRF protein abundance between day 1 and day 6 of pregnancy, or under the influence of ovarian hormones. Integral density values (IDV) were calculated and are shown as ± SEM.  Western blotting analysis of SDPR (B) from isolated UECs on day 1 and day 6 of pregnancy and also ovariectomised rats treated with progesterone alone (P), oestrogen alone (E), progesterone and oestrogen (PE), and vehicle alone (C), showed SDPR to be present on day 1 of pregnancy only at 49 kDa and also at a higher molecular weight of 110 kDa. SDPR was present only under the influence of oestrogen at 100 kDa in isolated UECs. 
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Figure 4.3 Co-immunoprecipitation between caveolin 1 and PTRF Co-immunoprecipitation between caveolin 1 and PTRF was performed to determine an association between these two proteins on day 1 of pregnancy in isolated luminal uterine epithelial cell lysates.  Cell lysates from day 1 and day 6 of pregnancy were subjected to immunoprecipitation (IP) against antibodies caveolin 1 (+), rabbit IgG (-) and PTRF (+), mouse IgG (-), and immunoblotted with PTRF and caveolin 1 antibodies respectively. Immunoblots were stripped and reprobed for immunoprecipitated antibody to confirm protein precipitate.  No PTRF or caveolin 1 was detected in the respective IgG control lanes. An association between caveolin 1 and PTRF was observed on day 6 of pregnancy. 
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4.5 DISCUSSION  Morphological caveolae have been observed at the basal plasma membrane in luminal UECs at the time of implantation. PTRF and SDPR are proteins that have been isolated from caveolar membranes (Vinten et al. 2005; Voldstedlund et al. 2001), and have been found to be associated with caveolar formation and membrane curvature. This present study investigated the localisation of SDPR and also the protein expression of PTRF and SDPR in UECs during early pregnancy and their hormonal regulation.  PTRF protein abundance did not significantly change during early pregnancy or under the influence of ovarian hormones.  However, at the time of implantation, PTRF co–immunoprecipitated with caveolin-1 in isolated UECs.  SDPR protein expression was restricted to the time of fertilisation and also under the influence of oestrogen.  This was evident in the cytoplasmic localisation of SDPR in luminal UECs at both the time of fertilisation, and under the influence of oestrogen.  PTRF has been shown to be essential for caveolae formation in adipocytes where it stabilises caveolae at the plasma membrane (Hill et al. 2008; Liu and Pilch 2008) and down regulation of PTRF causes an increase in caveolin-1 mobility, where it is released from the plasma membrane and degraded (Chadda and Mayor 2008; Liu and Pilch 2008). PTRF binds to phosphatidylserine in vitro and as such is thought to be associated with the enrichment and/or the organisation of lipid at the plasma membrane (Hill et al. 2012). PTRF protein expression was not altered during early pregnancy or under the influence of ovarian hormones. In this study PTRF was found to associate with caveolin-1 at the time of implantation; at which time caveolin-1 is localised to the basal plasma membrane of UECs. Since PTRF associates with caveolin-1 at the time of implantation we suggest that PTRF is also localised at the basal plasma membrane with caveolin-1 to promote caveolar formation, and to potentially generate membrane curvature in UECs at the time of implantation.  All members of the cavin family interact in an oligomeric complex not only at the plasma membrane where it associates with caveolin-1; but also in the cytosol of cells (Bastiani et al. 2009) independently of caveolin 1 expression. Formation of SDPR/PTRF complex has been shown to promote PTRF to caveolar membranes (Hansen et al. 2009; Hansen and Nichols 2010). This study has shown the 
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localisation of SDPR and also the expression of both PTRF and SDPR in UECs at the time of fertilisation where the observation of both the predicted molecular weight of SDPR at 49 kDa and also at 110 kDa.  The higher molecular weight of SDPR at 110 kDa may be a protein complex of both PTRF and SDPR at this time that may be cytosolic at the time of fertilisation.  Previous studies have shown that SDPR colocalised with caveolin-1 and can be isolated from caveolar membranes (Mineo et al. 1998).  While SDPR alone does not promote the formation of caveolae, it does affect the morphology of caveolae, where it promotes tubular morphology of caveolae (Hansen et al. 2009). This study found that SDPR protein expression is lost at the time of implantation and also under the influence of progesterone alone and in combination with oestrogen. From this finding we suggest that as the morphology of caveolae observed at the basal plasma membrane in UECs at the time of implantation does not appear to be tubular in shape; the caveolar shape in UECs may only require the expression of PTRF with caveolin-1 and not SDPR at the time of implantation. Epithelial polarity is an important feature of UECs that is maintained throughout pregnancy. Despite the cellular changes that UECS undergo during the transition from receptive to non-receptive states, UECs maintain a polarised organisation of lipids and proteins. The difference in the lipid and cholesterol compositions at the apical and basolateral membranes in UECs at both the time of fertilisation and implantation suggest that cholesterol concentrations in the basal plasma membrane in particular is lower than what has been observed at the apical plasma membrane (Murphy and Dwarte 1987; Murphy and Martin 1985). As such, a difference in membrane rigidity, with the apical plasma membrane being more rigid than that of the basal plasma membrane would allow for a more flexible membrane which could account for the increase in membrane curvature basally at the time of implantation. PTRF and SDPR have been implicated in generating membrane curvature in cells where they bind both lipid and cholesterol and also associate with caveolin-1; in this study PTRF was observed to associate with caveolin-1 at the time of implantation suggesting that they contribute to the basolateral membrane tortuosity that is observed in UECs at the time of implantation.  
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In summary this work has shown an association between PTRF and caveolin 1 at the time of implantation with subsequent loss of SDPR at this time. We suggest that PTRF is involved in the formation of caveolae at the time of implantation and the loss of SDPR at this time may contribute to the morphology of caveolae observed basally in UECs. As PTRF and SDPR have previously been reported to be involved in the generation of membrane curvature in other cells (Hansen et al. 2009; Hill et al. 2008; Chadda and Mayor 2008) both PTRF and SDPR may mediate lipid and cholesterol in UECs at the time of fertilisation. However, expression of PTRF and its association with caveolin-1 at the time of implantation suggest that PTRF contributes to membrane curvature and caveolar formation at this time thereby contributing to the maintenance of epithelial cell polarity.   
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5.1 ABSTRACT Adhesion of cells to the extracellular matrix is mediated primarily by integrins, which cluster with other proteins at focal adhesions. Caveolin-1 has also been reported to associate with integrins facilitating focal adhesion turnover. In rat luminal uterine epithelial cells (UECs), paxillin and talin disassemble from basal focal adhesions at the time of implantation. Focal adhesions play an important role in normal uterine receptivity; and are an important structure that facilitates cellular adhesion to the underlying extracellular matrix (ECM) proteins such as fibronectin. Due to the importance of fibronectin in the uterus at the time of implantation in vivo the influence of fibronectin on the expression and localisation of talin and paxillin was also investigated. Caveolin-1 was also investigated in these cells as it has been reported to be involved in focal adhesion dynamics through its 
association with integrin β1. The actin cytoskeleton plays an important role in epithelial polarity, since talin, paxillin and caveolin-1 associate with the actin cytoskeleton; this study investigated the role of the actin cytoskeleton, by observing the effects of cytochalasin D, on the localisation and expression of paxillin, talin and caveolin-1 in Ishikawa cells. Confocal immunofluorescence microscopy of Ishikawa cells grown on glass coverslips coated with Matrigel™ or fibronectin showed that caveolin-1, talin and paxillin are localised apically in Ishikawa cells when provided with an extracellular matrix.  This is in contrast to the localisation of these proteins in UECs in vivo where they are localised basally. Actin disruption experiments showed a decrease in apical staining of paxillin and talin in Ishikawa cells grown on either Matrigel™ or fibronectin, however punctate staining of caveolin-1 was observed in cytochalasin D treated Ishikawa cells grown on Matrigel™. Protein abundance of talin and paxillin was greater in Ishikawa cells treated with cytochalasin D grown on fibronectin, whereas caveolin-1 protein abundance was greater in cytochalasin D treated cells grown on Matrigel™ compared to untreated cells. The present results suggest that the presence of fibronectin influences the expression and apical localisation of these proteins in Ishikawa cells, and hence the adhesive properties that are attributed to this cell line.  
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5.2 INTRODUCTION Uterine luminal epithelial cells (UEC) are the first site of contact between maternal and foetal tissue and undergo dramatic changes to be receptive to the implanting embryo. These changes, both morphological and molecular, and are known as the ‘plasma membrane transformation’ (Murphy 2001; Murphy 2004).  One of the changes which occur in these cells is the loss of basal focal adhesions at the time of implantation. Focal adhesions have been observed as electron dense plaques similar to immature hemi- desmosomes (Rousselle et al. 1991) a morphological structure that has been observed during early pregnancy between the basal plasma membrane and the underlying basal lamina of UECs at the time of fertilisation are absent at the time of implantation (Shion and Murphy 1995). Focal adhesions are comprised of a number of proteins, which have structural, signalling adaptor and scaffolding functions. These proteins together serve to link cytoskeletal actin fibres and the extracellular matrix (ECM) (Burridge and Chrzanowska-Wodnicka 1996). Adhesion to the ECM is mediated primarily by integrins which cluster with other 
proteins at focal adhesions. Integrins β1 and β3 disassemble from basal focal 
adhesions of UECs at the time of implantation in the rat, with integrin β3 being localised apically in UECs in vivo and also in Ishikawa cells (Kaneko et al. 2011a; Kaneko et al. 2011b). Both talin and paxillin are key proteins of the focal adhesion complex which serve to link the ECM to the actin cytoskeleton of cells (Nemethova et al. 2008). They have been investigated previously in the rat uterus during early pregnancy where both talin and paxillin were found to be concentrated at sites of focal adhesions at the basal plasma membrane at the time of fertilisation, and were absent at the time of implantation (Kaneko et al. 2009; Kaneko et al. 2008).  Caveolin-1 is another protein which interacts with the focal adhesion complex, which has been shown to be localised to the basal plasma membrane at the time of implantation together with an increase in morphological caveolae (Chapter 3). Caveolin-1 has been observed to interact with integrin β1 in UECs in vivo (Chapter 3) where it may facilitate focal adhesion turnover as has been suggested by previous studies of caveolin-1 and integrin β1 interactions (Salanueva et al. 2007; del Pozo et al. 2005). 
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The ECM plays a role in the morphology and growth of cells, this has been observed in previous studies where human endometrial cells grown on basement membrane such as Matrigel™ mimic the in vivo morphology of the endometrium (White et al. 1990). Matrigel™ is rich in type IV collagen, laminin, and heparin sulphate proteoglycan and entactin, but lacks fibronectin. Fibronectin is a major ECM ligand that has been reported to interact with integrins β1 and β3 via its RGD sequence (Schultz and Armant 1995; Yelian et al. 1995). Fibronectin is present in the basement membrane of rat UECs and in the underlying stromal cells in vivo and also the trophoblast cells of the blastocyst. Fibronectin expressed on the trophoblast cells of the blastocyst interacts with apically localised integrins in 
UECs such as integrin β3 where it serves as a bridging ligand facilitating adhesion between trophoblast cells of mouse and rat blastocysts and luminal UECs (Kaneko et al. 2012; Thorsteinsdóttir 1992; Wartiovaara et al. 1979; Yohkaichiya et al. 1988). Despite fibronectin being present in the basement membrane of UECs throughout early pregnancy in the rat, fibronectin is absent in Ishikawa cells which suggests that the source of fibronectin is the underlying endometrium in vivo (Kaneko et al. 2012).  Cellular attachment to the underlying extracellular matrix is important for epithelial polarity (Glasser and Mulholland 1993; van der Wouden et al. 2003).  Ishikawa cells lack fibronectin, unlike what is observed in vivo where fibronectin is present in the basement membrane and most likely arises from the underlying endometrium (Kaneko et al. 2012). As the extracellular matrix is important for epithelial polarity, this study aimed to investigate the localisation and expression of focal adhesion proteins talin and paxillin in the Ishikawa cell line when grown on a basement membrane or fibronectin alone to examine the influence of fibronectin on the expression of these proteins in this cell line. Caveolin-1 localisation and expression was also investigated as it was observed to be 
associated with integrin β1 (Chapter 3) in vivo, and is also associated with maintenance of lipid polarity in UECs.  In addition, the actin cytoskeleton plays an important role in epithelial polarity (Li and Gundersen 2008) and talin, paxillin and caveolin-1 associate with the actin cytoskeleton in vivo. Thus disruption of the actin cytoskeleton with cytochalasin D in Ishikawa cells was used to study the role of the actin cytoskeleton in the 
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localisation and expression of these proteins when grown on a basement membrane or fibronectin alone. .   
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5.3 Materials and Methods 
5.3.1 Culture of Ishikawa cells Ishikawa cells are an endometrial adenocarcinoma cell line that was used in this study, and was a gift from Professor Lois Salamomsen, Prince Henry’s Institute Melbourne, Australia. Coverslips (10 mm diameter) were coated with a thin coat of Matrigel™ (356234; BD Biosciences, Franklin Lakes, NJ, USA) or human fibronectin (5 µm/cm2; 356008, BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions.  Ishikawa cells were seeded on these coverslips and were grown in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, Grand Island, NY, USA) supplemented with 10% foetal bovine serum (FBS; Bovogen Biologicals, Essendon, Vic, Australia) and 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) and grown until confluent. ‘ 
5.3.2 Cytochalasin D Treatment of Ishikawa Cells After Ishikawa cells were 80% confluent on coverslips coated with either Matrigel™ (356234; BD Biosciences, Franklin Lakes, NJ, USA) or human fibronectin (5 µm/cm2; 356008, BD Biosciences, Franklin Lakes, NJ, USA) cytochalasin D (2 µg/mL, Sigma, Sydney, NSW, Australia) (Stevenson and Begg 1994) diluted in media was added and incubated for a further 24 hours.  Cells were then collected for either immunofluorescence or western blotting analysis.   
5.3.3 Immunofluorescence Microscopy of Ishikawa Cells Ishikawa cells were fixed in 4% paraformaldehyde /PBS for 30 minutes at room temperature.  Cells were washed with PBS, and subsequently permeabilised with 0.3% Triton X100 in PBS for 30 minutes.  Cells were then blocked with 0.7% BSA diluted in PBS for 30 minutes at room temperature. Both primary and secondary antibodies were diluted in this blocking solution.  Cells were incubated with primary antibody of mouse anti-Talin antibody (0.02 mg/mL, Sigma, Sydney, NSW, Australia, T3287); mouse anti Paxillin antibody (0.02 mg/mL, Sigma Sydney, NSW, Australia, P1093); or rabbit anti caveolin-1 antibody (0.8 μg/mL; Santa Cruz Biotechnology, Dallas, Texas, USA: sc-894) overnight at 4◦C followed by incubation with secondary antibody fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch Laboratories, 
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West Grove, PA, USA) or anti-rabbit IgG F(ab')2 fragment-cy3 secondary antibody (0.5 mg/ml; Sigma, Sydney, NSW, Australia) for 2 hours at room temperature.  Coverslips were inverted onto 5 µL of vectashield containing DAPI on a clean slide.  Cells were examined with a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss Inc., Jena, Germany), and images were acquired using Zeiss LSM software (Carl Zeiss Inc., Jena, Germany). Z-series optical sections were taken from the bottom to top Z-plane (25 µm thick). Non immune controls were also executed, where cells were incubated with mouse or rabbit IgG purified immunoglobulin (Sigma, Sydney, NSW, Australia) instead of primary antibody.  Cells seeded from five individual cell vials, with 5 wells per vial per treatment used in this study (n=25).   
5.3.4 Western Blotting Analysis of Ishikawa Cells Cells were seeded in a 6 well plate coated with a thin coat of Matrigel™ (356234; BD Biosciences, Franklin Lakes, NJ, USA) or human fibronectin (5 µm/cm2; 356008, BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. Cells were grown until confluent or when 80% confluent was treated with cytochalasin D for 24 hours.  Cells were rinsed with PBS, collected from wells and centrifuged for 5 minutes at 1000g.  The supernatant was discarded and cells resuspended in lysis buffer (50 mM Tris–HCl, pH7.5, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholic acid, 1% Igepal and protease inhibitor cocktail; Mammalian Cell Lysis kit; Sigma) and passed through a 23 G needle using a 1 ml syringe (Livingstone International, NSW, Australia). Protein concentrations were determined using the DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions.  Protein samples (40 µg) and sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 
1.6% SDS, 0.024% bromophenol blue, 4% β-2-mercaptoethanol) were boiled at 95°C for 5 minutes prior to loading onto a 4-20% precast SDS-polyacrylamide gel (Bio-Rad Inc. Hercules, CA, USA). Gels were subjected to electrophoresis at 200 V for 40 minutes and proteins transferred to a polyvinylidene dilfluoride (PVDF) membrane (Immunobilon™ transfer membrane; Millipore, Bedford, MA, USA) at 100 V for 1 h 15 min. Membranes were blocked by incubating in a solution of 5% skim milk powder in TBS-t (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature with constant agitation, followed by primary 
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antibody incubation with mouse anti-Talin antibody (70 µg/mL, Sigma, Sydney, NSW, Australia, T3287); mouse anti Paxillin antibody (0.83 µg/mL, Sigma Sydney, NSW, Australia, P1093); or rabbit anti caveolin-1 antibody (0.13 μg/mL; Santa Cruz Biotechnology, Dallas, Texas, USA: sc-894) overnight at 4◦C. All antibodies were diluted with 1% skim milk powder in TBST. The membranes were washed 3 × 10 min in TBST and subsequently incubated for 2 h with sheep anti mouse (0.4 ug/mL, Amersham, GE healthcare, Buckinghamshire, UK) or goat anti-rabbit horseradish peroxidase-conjugated secondary antibody IgG (0.5 µg/mL; Dako, VIC, Australia) at room temperature with constant agitation. The proteins were detected by enhanced chemiluminescence (ECL Plus Western Blotting Detection System; Amersham, GE Healthcare, NSW, Australia) and unsaturated images were captured using the Alpha Innotech Digital Imaging System (Alpha Innotech, San Leandro, CA, USA). Membranes were subsequently rinsed in TBST and antibodies removed by heating at 60°C for 45 min in stripping buffer (62.5 mM Tris–HCl, pH 
6.7, 2% SDS and 100 mM β-2-mercaptoethanol) and reprobed with mouse monoclonal anti-β-actin antibody (0.4 μg/mL; Sigma, NSW, Australia) to ensure equal loading. 
5.3.5 Statistical analysis The intensity of the bands detected from western blotting analysis was quantified using the two-dimensional spot density from the Alpha Innotech Digital System (Alpha Innotech). The integrated density value (IDV) was calculated using the AlphaEaseFC software. Statistical analysis was performed by student’s t-test ; the mean ± SEM was calculated and p< 0.05 was considered to be significant.    
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5.4 RESULTS 
Talin is localised apically in Ishikawa cells grown on an extracellular matrix. Ishikawa cells grown on fibronectin (HFN) (figure 5.1A) or Matrigel™ (figure 
5.1C) were stained for talin and examined under the confocal microscope, taking Z-series optical sections from the basal to the apical surface of the cell. Talin staining was present at the apical surface but absent from the basal surface under both extracellular matrix conditions. A decrease in apical staining of talin was observed from Z-series optical sections of cytochalasin D treated Ishikawa cells grown on fibronectin (figure 5.1B) or Matrigel™.(figure 5.1D). Two protein bands of talin were observed at 225 kDa and a calpain cleaved product at 190 kDa in Ishikawa cells grown on either fibronectin (HFN) (figure 
5.2A) or Matrigel™ (figure 5.2B) by western blotting analysis.  The addition of cytochalasin D to Ishikawa cells grown on fibronectin alone led to an increase in the protein abundance of both full length and cleaved talin (figure 5.2C).  However, the addition of cytochalasin D to Ishikawa cells grown on Matrigel™ 
(figure 5.2D) resulted in no change in either full length or cleaved talin. Protein abundance of talin was compared between Ishikawa cells grown on Matrigel™ and fibronectin with or without cytochalasin D treatment. Talin whole protein (225 kDa) protein abundance showed no significant difference between Matrigel™ and fibronectin ECM (figure 5.2E), however, when actin is disrupted with cytochalasin D the protease cleaved product of talin (190kDa) (Franco et al. 2004) (figure 5.2F) protein abundance was increased significantly when Ishikawa cells were grown on fibronectin.  
Paxillin is localised apically in Ishikawa cells grown on an extracellular matrix. Ishikawa cells grown on fibronectin (HFN) (figure 5.3A) or Matrigel™ (figure 
5.3C) were stained for paxillin and examined under the confocal microscope, taking Z-series optical sections from the basal to the apical surface of the cell. Paxillin staining was present at the apical surface but absent from the basal surface under both extracellular matrix conditions. A decrease in apical staining of paxillin was observed from Z-series optical sections of cytochalasin D treated Ishikawa cells grown on fibronectin (figure 5.3B) or Matrigel™.(figure 5.3D). 
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Paxillin protein was observed at 68 kDa and also a 46 kDa isoform of paxillin 
which corresponds to paxillin δ (Tumbarello et al. 2005) in Ishikawa cells grown on both fibronectin (HFN) (figure 5.4A) and Matrigel™ (figure 5.4B). The addition of cytochalasin D to Ishikawa cells grown on Matrigel™ alone led to an 
increase in the protein abundance of both paxillin and paxillin δ (figure 5.4D). However, the addition of cytochalasin D to Ishikawa cells grown on fibronectin 
(figure 5.4C) resulted in no change in either paxillin or paxillin δ. Protein abundance of paxillin was compared between Ishikawa cells grown on Matrigel™ and fibronectin and also when these cells were treated with cytochalasin D. Paxillin protein (68 kDa) was found to have no difference between Matrigel™ or fibronectin ECM substrates (figure 5.4E); while abundance of paxillin δ protein (46 kDa) was significantly greater in Ishikawa cells grown on Matrigel™ and with cytochalasin D treatment (figure 5.4F). 
Caveolin-1 is localised apically in Ishikawa cells grown on an extracellular 
matrix and protein abundance is increased with actin disruption when grown 
on Matrigel™ only.  Ishikawa cells grown on fibronectin (HFN) (figure 5.5A) or Matrigel™ (figure 
5.5C) were stained for caveolin 1 and examined under the confocal microscope, taking Z-series optical sections from the basal to the apical surface of the cell. Caveolin-1 staining was present at the apical surface but absent from the basal surface under both extracellular matrix conditions. A decrease in apical staining of caveolin-1 was observed from Z-series optical sections of cytochalasin D treated Ishikawa cells grown on fibronectin (figure 5.5B) Punctate staining of caveolin-1 apically in Ishikawa cells grown on Matrigel™ was observed when treated with cytochalasin D (figure 5.5D).  Caveolin-1 protein was observed at 24 kDa in Ishikawa cells grown on both fibronectin (HFN) (figure 5.6A) or Matrigel™ (figure 5.6B). The addition of cytochalasin D to Ishikawa cells grown on fibronectin alone (figure 5.6C) showed no significant change in the protein abundance of caveolin-1. However, caveolin-1 protein abundance was increased in Ishikawa cells grown on Matrigel™ when treated with cytochalasin D (figure 5.6D). Protein abundance of caveolin was compared between Ishikawa cells grown on Matrigel™ and fibronectin and also when these cells were treated with cytochalasin D. Caveolin-1 showed no 
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significant difference in protein abundance between Ishikawa cells grown on Matrigel™ or fibronectin alone (figure 5.6E). However, caveolin-1 protein abundance was significantly increased in cytochalasin D treated cells when grown on Matrigel™ compared to treated cells grown on fibronectin (figure 5.6F).   
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Figure 5.1 Confocal Z-series optical sections of an Ishikawa cell monolayer 
grown on an extracellular matrix and stained with talin antibody (green) and counterstained with dapi (blue). Localisation of talin is observed apically in an Ishikawa cell monolayer grown on fibronectin (A), showing the apical and the basal surface of Ishikawa cells. Ishikawa cells grown on fibronectin and treated with cytochalasin D (B) display a reduced apical localisation of talin. Talin is observed apically in Ishikawa cells grown on Matrigel™ (C) and this localisation is reduced when Ishikawa cells grown on Matrigel are treated with cytochalasin D (D).  
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Figure 5.2 Western blotting analysis of talin from Ishikawa cells grown on fibronectin (A) or Matrigel™ (B) in both untreated (1) and cytochalasin D treated (2) cells. Talin is observed at 225 kDa and also a protease cleaved product at 190 kDa.  Densitometric analysis of western blotting and statistical analysis by Student’s t-test showed a significant difference in protein abundance of the 190kDa protease cleaved product of talin in Ishikawa cells grown on fibronectin when compared to untreated Ishikawa cells grown also on fibronectin (C). Comparison of talin protein abundance between cytochalasin D treated and untreated cells grown on Matrigel™ showed no significant difference (D). No significant difference of whole talin (225 kDa) protein abundance between Ishikawa cells grown on fibronectin or Matrigel™ (E). Protease cleaved talin (190 kDa) protein abundance was greater in cytochalasin D treated Ishikawa cells grown on fibronectin compared to Matrigel™ (F). Integral density values (IDV) were calculated and are shown as ± SEM.  
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Figure 5.3 Confocal Z-series optical sections of an Ishikawa cell monolayer 
grown on an extracellular matrix and stained with paxillin antibody (green) and counterstained with dapi (blue). Localisation of paxillin is observed apically in an Ishikawa cell monolayer grown on fibronectin (A), showing the apical and the basal surface of Ishikawa cells. Ishikawa cells grown on fibronectin and treated with cytochalasin D (B) display a reduced apical localisation of paxillin. Paxillin is observed apically in Ishikawa cells grown on Matrigel™ (C) and this localisation is reduced when Ishikawa cells grown on Matrigel are treated with cytochalasin D (D).  
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Figure 5.4 Western blotting analysis of paxillin from Ishikawa cells grown on fibronectin (A) or Matrigel™ (B) in both untreated (1) and cytochalasin D treated 
(2) cells. Paxillin is observed at 68 kDa and also the isoform paxillin δ at 46 kDa. Densitometric analysis of western blotting and statistical analysis by Student’s t-test showed no significant difference in protein abundance of paxillin at 68 kDa in Ishikawa cells grown on fibronectin when compared to untreated Ishikawa cells grown also on fibronectin (C). Comparison of both molecular weights of paxillin protein abundance between cytochalasin D treated and untreated cells grown on Matrigel™ was significantly greater in cytochalasin D treated Ishikawa cells (D). No significant difference of 68 kDa paxillin protein abundance between Ishikawa cells grown on FIBRONECTIN or Matrigel™ (E). Paxillin δ (46 kDa) protein abundance was greater in Ishikawa cells grown on Matrigel™ compared to those grown on fibronectin, and also in cytochalasin D treated Ishikawa cells grown on Matrigel™ compared to fibronectin (F). Integral density values (IDV) were calculated and are shown as ± SEM.  
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Figure 5.5 Confocal Z-series optical sections of an Ishikawa cell monolayer 
grown on an extracellular matrix and stained with caveolin-1 antibody (red) and counterstained with dapi (blue). Localisation of caveolin-1 is observed apically in an Ishikawa cell monolayer grown on fibronectin (A), showing the apical and the basal surface of Ishikawa cells. Ishikawa cells grown on fibronectin and treated with cytochalasin D (B) display a reduced apical localisation of caveolin-1. Caveolin-1 is observed apically in Ishikawa cells grown on Matrigel™ (C) and when Ishikawa cells grown on Matrigel are treated with cytochalasin D punctate staining of caveolin-1 is observed (D).  
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Figure 5.6 Western blotting analysis of caveolin-1 from Ishikawa cells grown on fibronectin (A) or Matrigel™ (B) in both untreated (1) and cytochalasin D treated (2) cells. Densitometric analysis of western blotting and statistical analysis by Student’s t-test showed no significant difference in protein abundance of Caveolin-1 (24 kDa) in Ishikawa cells grown on fibronectin when compared to untreated Ishikawa cells grown also on fibronectin (C). Caveolin-1 (24 kDa) protein abundance was greater in cytochalasin D treated Ishikawa cells grown on Matrigel™ compared with untreated cells grown on Matrigel™ (D). There was no significant difference of Caveolin-1 (24 kDa) protein abundance between Ishikawa cells grown on fibronectin or Matrigel™ (E). Caveolin-1 (24 kDa) protein abundance was greater in cytochalasin D treated Ishikawa cells grown on Matrigel™ compared to fibronectin (F). Integral density values (IDV) were calculated and are shown as ± SEM.  
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5.5 DISCUSSION Cellular adhesion in UECs is an exquisitely controlled process, to both maintain an epithelial barrier and to also allow for attachment and invasion of the embryo during early pregnancy. Adhesion of UECs to the underlying ECM is mediated by focal adhesions providing a structural link between the ECM and the actin cytoskeleton (Burridge et al. 1988; Burridge and Chrzanowska-Wodnicka 1996; Dubash et al. 2009). Fibronectin has been implicated as a key ECM ligand that facilitates cell-ECM adhesion through interaction with integrins β1 and β3. Fibronectin has been shown to be present in the basement membrane of UECs and underlying stroma, as well as the trophoblast cells of the blastocyst where it 
interacts with apically localised integrin β3 in UECs. Fibronectin is also found in Ishikawa cells to facilitate adhesion (Kaneko et al. 2011b; Kaneko et al. 2009; Kaneko et al. 2008). However, there have been no studies on the effect of fibronectin in the expression of other proteins involved in the focal adhesion complex such as talin and paxillin.  This study investigated talin, paxillin, and also caveolin-1 in Ishikawa cells grown on Matrigel™ or human fibronectin with or without actin disruption with cytochalasin D. Talin, paxillin and caveolin 1 were localised apically in Ishikawa cells when grown on both Matrigel™ and fibronectin. When the actin cytoskeleton of Ishikawa cells was disrupted a decrease in the apical staining of paxillin and talin was observed, while punctate staining was observed for caveolin-1.  Talin and paxillin were observed to be localised apically in Ishikawa cells, which 
may correspond to the apical localisation of integrin β3 previously described in Ishikawa cells (Kaneko et al. 2011a). In this apical localisation talin and paxillin are able to link the actin cytoskeleton via integrins which in turn bind to ECM ligands, facilitating cell adhesion (Hynes 1992). Various integrins including integrin β3 have been characterised in the Ishikawa cell line (Castelbaum et al. 1997) and have also been shown to bind to ECM ligands including fibronectin, vitronectin, von Willebrand factor, thrombospondin and osteopontin all of which contain the Arg-Gly-Asp (RGD) integrin recognition sequence (Hynes 1992). Hence, ligands expressed in the ECM can influence the expression of these proteins in cells. The adhesive apical surface of Ishikawa cells facilitates its use as receptive endometrial 
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epithelial cell model (Hannan et al. 2010; Nishida et al. 1985), and molecules such as integrins, paxillin and talin seen in this study may contribute to this trait.   The expression of talin (225 kDa) protein abundance showed no significant difference when grown on Matrigel™ or fibronectin ECM, however, when actin was disrupted with cytochalasin D the protease-cleaved product of talin (190kDa) (Franco et al. 2004) was significantly greater when Ishikawa cells were grown on fibronectin. While calpain expression or activity has not been investigated in Ishikawa cells the presence and elevated protein abundance of the calpain-cleaved product of talin in Ishikawa cells grown on fibronectin and treated with cytochalasin D suggests that calpain and its activity may be elevated under these conditions, where it may facilitate focal adhesion protein turnover.  Paxillin protein (68 kDa) showed no significant difference when grown on 
Matrigel™ or fibronectin ECM substrates; while the paxillin δ isoform (46 kDa) showed a significant increase when grown on Matrigel™ and when treated with cytochalasin D. Paxillin has been shown to play an important role in cell migration, a process that requires remodelling of the actin cytoskeleton (Turner 2000a, b). 
Paxillin δ lacks the two main phosphorylation sites of paxillin at tyrosine residues 31 and 118 (Tumbarello et al. 2005) and its expression has been correlated with inhibition of tyrosine phosphorylation of paxillin. Actin disruption of cells influences the expression of paxillin in this manner (Hu et al. 2006); as shown by 
the significant increase in paxillin δ observed in cytochalasin D treated Ishikawa cells.  Actin disruption of Ishikawa cells grown on Matrigel™ may affect focal adhesion turnover, and cell migration as seen by the increase in paxillin δ protein abundance under cytochalasin D treatment.  Caveolin-1 was localised apically in Ishikawa cells grown on both Matrigel™ and fibronectin. Interestingly, caveolin-1 is localised basally in rat luminal UECs and is associated with basally located morphological caveolae at the time of implantation (Chapter 3). However in some cell culture models morphological caveolae and caveolin-1 have been found apically (Frank et al. 2003; Hu et al. 2008; Inder et al. 2012; Mora et al. 2006). Caveolin-1 has been implicated in focal adhesion turnover, 
by its association with integrin β1 (Borza et al. 2010; del Pozo et al. 2005; Madawala et al. Chapter 3) and also FAK which has also been localised apically in Ishikawa cells (Kaneko et al. 2012).  
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Previous studies of caveolae in the plasma membrane have shown that they are connected to the actin cytoskeleton by the association between caveolin-1 and the actin cross linking protein filamin A (Stahlhut and van Deurs 2000). Actin disruption led to a decrease in apical staining of caveolin-1 in Ishikawa cells grown on fibronectin. However, Ishikawa cells grown on Matrigel™ showed punctate staining of caveolin-1 in the cytoplasm. The punctate staining observed may be due to the disruption of the association of caveolin-1 with filamin A resulting in the shift of caveolin-1 from the apical plasma membrane to another cellular compartment such as the golgi complex. The punctate staining of caveolin-1 in cytochalasin D treated Ishikawa cells grown on Matrigel™ correlates with the significantly greater amount of caveolin-1 protein in these cells compared to treat Ishikawa cells grown on fibronectin. Cellular adhesion is a process that is both tightly controlled and multifaceted. This study has demonstrated the apical localisation of talin, paxillin, and caveolin-1 in Ishikawa cells when grown on a basement membrane or on fibronectin alone. However, the mechanisms by which these cells interact with the ECM at the basal plasma membrane require further study. The expression and localisation of the proteins investigated here in Ishikawa cells can be attributed to the adhesive qualities of the apical plasma membrane with the expression of focal adhesion proteins talin and paxillin being susceptible to actin disruption when grown on fibronectin. This suggests fibronectin influences the expression and localisation of these proteins and their association with the actin cytoskeleton in Ishikawa cells and hence the nature of these cells in culture.   
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6 CHAPTER 6: Actin Crosslinking Protein 
Filamin A During Early Pregnancy In The 
Rat Uterus    
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6.1 ABSTRACT During early pregnancy the endometrium undergoes a dramatic transformation in order for it to become receptive to blastocyst implantation.  The actin cytoskeleton and plasma membrane of luminal uterine epithelial cells (UECs) and the underlying stromal cells undergo dramatic remodelling to facilitate these changes.  Filamin A (FLNA), a protein that cross links actin filaments and also mediates the anchorage of membrane proteins to the actin cytoskeleton was investigated in the rat uterus at fertilisation (day 1) and implantation (day 6) to determine the role of FLNA in actin cytoskeletal remodelling of UECs and decidua during early pregnancy. Localisation of FLNA in UECs at the time of fertilisation was cytoplasmic, and is distributed apically at the time of implantation, and under the influence of progesterone.  FLNA was also concentrated to the first two to three stromal cell layers at the time of fertilisation and shifts to the primary decidualisation zone at the time of implantation. This shift in localisation was found to be dependent on the decidualisation reaction. Protein abundance of the FLNA 280 KDa monomer, and calpain cleaved fragment (240 KDa) did not change during early pregnancy in UECs.  There is a vast array of actin cytoskeletal remodelling during early pregnancy in UECs and in decidual cells.  These results suggest that FLNA may be an important regulator of cytoskeletal remodelling of these cells to allow uterine receptivity and decidualisation necessary for successful implantation in the rat.    
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6.2 INTRODUCTION Cells of the endometrium undergo dramatic changes during early pregnancy to allow blastocyst implantation. The transformation of non-receptive luminal uterine epithelial cells (UECs) to a receptive state involves the loss of apical microvilli, terminal web, integrin based focal adhesions (Kaneko et al. 2011b; Kaneko et al. 2009; Kaneko et al. 2008; Luxford and Murphy 1989; Luxford and Murphy 1992b),  the appearance of uterodomes apically (Murphy 2000) and increase in basolateral membrane tortuosity in UECs (Shion and Murphy 1995) . All of these features constitute the plasma membrane transformation (Murphy 2004). Decidualisation of endometrial stromal cells (ESCs) involves a number of changes including transition from long thin fibroblast cells to large and rounded decidual cells along with the formation of adherens type junctional structures at sites of contact between adjacent decidual cells (Finn and Keen 1963; Finn and Lawn 1967). There is also an accumulation of glycogen, lipids and fibrillar material arranged into a filamentous meshwork in decidual cells at decidualisation (Kearns and Lala 1983).  These changes that both UECs and ESCs undergo involve remodelling of the actin cytoskeleton, which is mediated by actin binding proteins (Loo et al. 1998; Shaw et al. 1998; Terry et al. 1996). A number of actin binding proteins have been previously investigated in the uterus during early pregnancy. 
Plectin and  α-actinin are two actin binding proteins that both localise apically in UECs at the time of implantation (Terry et al. 1996), with α-actinin also present in decidual cells (Shaw et al. 1998). Proteomic analysis of the human endometrium during the secretory/proliferative phase has also identified the presence of Filamin A (DeSouza et al. 2005).   Filamin A (FLNA) is an F-actin cross linking protein, that has wide tissue expression during development (Feng and Walsh 2004). The FLNA molecule is comprised of two 280 kDa subunits that form a homodimer at the C-terminus. The actin binding domain of FLNA is located at the N-terminus, where orthogonal actin networks have been shown to be arranged in vitro (Boxer and Stossel 1976; Gorlin et al. 1990; Hartwig and Stossel 1975; Stossel et al. 2001).   FLNA has been reported to interact with a number of proteins (van der Flier and Sonnenberg 2001) that are membrane receptors for cell signalling molecules such as integrins 
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which have been shown to be important for uterine receptivity with regards to blastocyst-epithelial attachment (Cunningham et al. 1992; Gorlin et al. 1990; Kaneko et al. 2011a; Kaneko et al. 2011b; Stossel et al. 2001). The actin cytoskeleton plays an important role in the formation of a number of key cellular structures such as the terminal web, microvilli, and cellular junctions, which form the basis for cell polarity and plasma membrane stability (Li and Gundersen 2008). These structures undergo dynamic changes during early pregnancy (Luxford and Murphy 1989; Luxford and Murphy 1993; Murphy 2001) leading to uterine receptivity. As FLNA is an actin binding protein which may be involved in the remodelling of the actin cytoskeleton of UECs and ESCs during early pregnancy, this study investigated the localisation and expression of FLNA in the uterus of the rat during early pregnancy, and also determined its hormonal regulation, and decidualisation.       
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6.3 MATERIALS AND METHODS 
6.3.1 Animals  
6.3.1.1 Normal Pregnancy Female virgin Wistar rats (10–12 weeks of age) were housed in plastic cages at 21°C with a 12-h light–dark cycle and were fed and watered ad libitum. Vaginal smearing was performed to determine the stage of the oestrous cycle, and those rats showing a vaginal smear characteristic of pro-oestrus were caged overnight with a male of proven fertility. The presence of sperm in the vaginal smear taken the following morning indicated mating and was designated day 1 of pregnancy. Uterine horns from days 1 and 6 were collected to correspond to the time of fertilisation, and time of implantation.  Five rats were collected for each day of pregnancy. All experimental procedures were approved by The University of Sydney ethics committee. 
6.3.1.2 Ovariectomy Female virgin Wistar rats were bilaterally ovariectomised while anaesthetised with an intraperitoneal injection of xylazine (4 mg/kg; TROY laboratories Pty. Ltd., Smithfield, NSW, Australia) and ketamine (75 mg/kg; Parrell Laboratories (AUST) Pty. Ltd., Alexandria, NSW, Australia) and were allowed to recover for at least 3 weeks. Progesterone (Sigma, St Louis, MO, USA) and 17-β-oestradiol (Sigma) were dissolved in benzyl alcohol (Sigma) and peanut oil in 1:4 v/v and injected as previously described (Murphy and Rogers 1981). Five animals were randomly allocated to each of the following hormonal regimes. Group 1 (control) was injected with 0.1 ml of carrier (benzyl alcohol and peanut oil) alone for three consecutive days. Group 2 (PPP) received 5 mg progesterone dissolved in 0.1 ml of 
carrier for three consecutive days. Group 3 (EEE) received 0.5 μg 17-β-oestradiol in 0.1 ml of carrier for 3 consecutive days. Group 4 (PPPE) received 0.1 ml of 5 mg 
progesterone for 3 consecutive days and also 0.5 μg of  17-β-oestradiol dissolved in 0.1 mL on the opposite side of the neck on the third day. PPPE is the minimal requirement for blastocyst implantation (Murphy and Rogers 1981; Psychoyos 1973) Injections were administered in the morning and animals were killed 24 h after the last injection.  
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6.3.1.3 Pseudo-pregnancy and Artificial Decidualisation Rats in pro-oestrus were caged overnight with a vasectomised male. The presence of a vaginal plug the following morning indicated mating and was designated day 1 of pseudo pregnancy. Vaginal smears were taken each day of pseudo pregnancy (n=5) to confirm that a pseudo pregnant state remained.  Uterine horns from day 6 of pseudo pregnancy were collected to correspond to the time of implantation. Artificial decidualisation was induced on day 5 of pseudo pregnancy by making a small unilateral incision on the left side to expose the tubal end of the uterine horn.  An intraluminal injection of 0.1 mL of peanut oil was administered to the left horn only with the right horn left intact.  On day 6 of pseudo pregnancy a 0.25 mL 1% pontamine sky blue dye was administered by tail vein injection, under isofluorane anaesthesia. Observation of a pontamine sky blue reaction (PSB) indicated successful induction of decidualisation (Finn and Keen 1963; Finn and McLaren 1967).  Five rats were collected for both pseudo pregnancy and also artificially induced decidualisation.    All animals in pregnancy, pseudo pregnancy, artificially induced decidualisation and hormone treated groups were killed with an intraperitoneal injection of sodium pentobarbitone (Nembutal; Merial Australia, Parramatta, NSW, Australia). Uterine horns were excised and randomly allocated for either immunofluorescence microscopy (IF), or isolation of uterine epithelial cells for western blotting analysis. 
6.3.2 Immunofluorescence microscopy Uterine tissue from all animals was embedded in O.C.T compound (Tissue-Tek; Sakura Firetek, Torrance, CA, USA), snap frozen in supercooled isopentane (BDH Laboratory supplies, Poole Dorset, England, UK) and stored under liquid nitrogen until use. Sections, 7 µm, were cut using a Leica LM 3050 cryostat (Leica, Heerbrugg, Switzerland). Tissue sections were air dried on gelatine-chrome alum-coated glass slides at room temperature and fixed with 4% paraformaldehyde for 10 min at room temperature, washed with PBS 3 x 5 min, and blocked in 1% bovine serum albumin (BSA; Sigma) in PBS for 30 min. All primary and secondary antibodies were diluted with this blocking solution. Sections were incubated with primary antibody of mouse monoclonal Filamin 1 (E-3) antibody (0.8 μg/mL; 
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Santa Cruz Biotechnology, Dallas, Texas, USA: sc-17749), overnight at 4 ◦C.  Sections were washed in PBS 3 × 5 min, and incubated with fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at a 
concentration of 2.5 μg/mL for 1 h in the dark followed by 3 × 5 min PBS wash. Sections were then mounted with vectashield containing DAPI (Vector, Burlingame, CA, USA), cover slipped and examined with a Zeiss Deconvolution microscope (Carl Zeiss Inc., Jena, Germany). Immunofluorescence micrographs were taken using a Zeiss AxioCamHR digital monochrome CCD camera (Carl Zeiss Inc., Jena, Germany) and Zeiss AxioVision version 4.0 image-acquisition software. Non-immune controls were carried out with experimental runs where sections were incubated with mouse IgG purified immunoglobulin (0.8 μg/mL; Sigma) in place of the primary antibody.  
6.3.3 Isolation of uterine luminal epithelial cells Uterine luminal epithelial cells were isolated from each animal as previously described (Kaneko et al. 2008). The uterine horn was opened longitudinally and surface luminal epithelial cells were scraped off using sterile surgical blades (Livingstone International, Rosebery, NSW, Australia) and immediately placed into lysis buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholic acid, 1% Igepal and protease inhibitor cocktail; 10% phosphatase inhibitor; Sigma Mammalian Cell lysis kit, Sigma). The cell lysate was passed through a 23 gauge needle using a 1 ml syringe (Livingstone, International, Rosebery, NSW, Australia) and briefly centrifuged at 8,000g at 4 °C. The supernatant was collected and frozen immediately in liquid nitrogen and stored at 
−80°C until use. 
6.3.4 Western blotting analysis Protein concentrations were determined using the BCA protein assay (Micro BCA™ Protein assay kit; Quantum Scientific, Murarrie, QLD, Australia) and POLAR Star Galaxy microplate reader (BMG LabTech, Durham, NC, USA) according to the manufacturer’s instructions. Protein samples (20 µg) and sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 1.6% SDS, 0.024% bromophenol blue, 4% β-2-mercaptoethanol) were boiled at 95°C for 5 minutes prior to loading onto a 4-20% 
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precast SDS-polyacrylamide gel (Bio-Rad Inc. Hercules, CA, USA). Gels were subjected to electrophoresis at 200 V for 40 minutes and proteins transferred to a polyvinylidene dilfluoride (PVDF) membrane (Immunobilon™ transfer membrane; Millipore, Bedford, MA, USA) at 100 V for 1 h 15 min. Membranes were blocked by incubating in a solution of 5% skim milk powder in TBS-t (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature with constant agitation, followed by primary antibody incubation with mouse monoclonal anti-Filamin -1 antibody (0.13 μg/mL, Santa Cruz: sc-17749) overnight at 4°C. All antibodies were diluted with 1% skim milk powder in TBS-t. The membranes were washed 3 × 10 min in TBS-t and subsequently incubated for 2 h with sheep anti 
mouse IgG antibody (0.4 μg/mL; Amersham, UK) at room temperature with constant agitation. The proteins were detected by enhanced chemiluminescence (Immobilon Western Chemiluminescent HRP, Merk Millipore Billerica, MA, USA) and unsaturated images were captured using the Bio-Rad ChemiDoc MP Imaging System (Bio-Rad Inc. Hercules, CA, USA). Membranes were subsequently rinsed in TBS-t and antibodies removed by heating at 60°C for 45 min in stripping buffer (62.5 mM Tris–HCl, pH 6.7, 2% SDS and 100 mM β-2-mercaptoethanol) and reprobed with mouse monoclonal anti-β-actin antibody (0.4 μg/mL; Sigma, NSW, Australia) to ensure equal loading. 
6.3.5 Statistical analysis FLNA protein abundance was quantified by densitometric analysis. The intensity of the bands detected from western blotting analysis was quantified using the two-dimensional spot density from the Bio-Rad ChemiDoc MP Imaging System (Bio-Rad Inc. Hercules, CA, USA). The integrated density value (IDV) was calculated using the Image Lab 4.1 (Bio-Rad Inc. Hercules, CA, USA) software and FLNA bands were normalised to those of actin. Statistical analysis was performed by student’s t-test for (day 1, day 6) early pregnancy and one-way ANOVA for comparison FLNA protein abundance in hormone treatment groups (P, E,PE, C). The mean ± SEM was calculated and p < 0.05 was considered to be significant.     
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6.4 RESULTS 
FLNA is localised apically in luminal uterine cells only at the time of 
implantation. Immunofluorescence microscopy showed FLNA to be concentrated at the first 2-3 ESC layers underlying the uterine epithelium on day 1 of pregnancy (arrow head) along with a diffuse cytoplasmic localisation in UECs (figure 6.1a, b).  On day 6 of pregnancy FLNA was localised apically in UECs (figure 6.1c, d) and also redistributed to the primary decidualisation zone of the endometrium (figure 
6.1c).   Western Blotting analysis of isolated UECs from day 1 and day 6 of pregnancy showed no significant difference in protein abundance of the two bands of FLNA observed at 280 kDa and 240 kDa (figure 6.1e).  
Apical localisation of FLNA in UECs is dependent on progesterone The hormonal control of FLNA localisation was determined using ovariectomised rats treated with various hormonal regimes.  FLNA is localised to the apical plasma membrane of UECs in rats treated with PPP, and PPPE hormonal regimes (figure 
6.2a, c). In rats under EEE treatment, FLNA was strongly localised to the underlying stromal cells (figure 6.2b), while the PPP and PPPE treatments showed an even distribution of FLNA throughout the endometrium. Minimal staining in UECs was observed in vehicle control (figure 6.2d). Hormonal treatment did not affect the protein abundance of 280 kDa band of FLNA 
(figure 6.2e).   Expression of a 240 kDa band was also observed under the influence of exogenous ovarian hormones (figure 6.2e) but there was no statistical difference in its abundance.  
FLNA localisation in endometrial stroma is altered with decidualisation FLNA localisation in the endometrium was found to be evenly distributed under PPP and PPPE hormone regimes, but did not mimic what was observed in the stroma of day 6 pregnant rats.  Artificial decidualisation was induced in the left uterine horn on day 5 of pseudo pregnancy (figure 6.3b). Day 6 pseudo-pregnant 
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uteri showed an apical localisation of FLNA in UECs (arrow head) but an even distribution throughout the underlying stroma.  Artificially induced decidualisation of the left horn on day 5 of pseudo pregnancy showed a shift in the localisation of FLNA to the primary decidualisation zone of the endometrium by day 6 (figure 6.3c, e).   The right control horn showed the same localisation of FLNA observed in pseudo pregnancy (figure 6.3d, f). Non immune controls were carried out with all experimental runs, and no staining was observed.  Day 6 is shown as a representative example (figure 6.3a).   
CHAPTER 6  FILAMIN A DURING EARLY PREGNANCY  
151  
Figure 6.1 Immunofluorescence microscopy and western blotting of FLNA in 
the uterus during early pregnancy Immunofluorescence micrographs of endometrium stained with monoclonal FLNA antibody (green) and counterstained with dapi (blue).  On day 1 of pregnancy (a, b) FLNA displays cytoplasmic localisation in UECs, and is also localised to the first 2-3 stromal cells underlying UECs (arrowhead).  On day 6 of pregnancy (c, d) FLNA is localised apically in UECs (arrow head) and is distributed to the primary decidual zone of the endometrium (double headed arrow). Western blotting of isolated UECs from day 1 and day 6 of pregnancy (e), β-actin was used as a loading control. Densitometric analysis of western blotting and statistical analysis by students t-test of FLNA (280 kDA) protein abundance did not change between the two days of pregnancy studied (n=5).  A calpain cleaved product of FLNA (240 kDa) was observed on both days of pregnancy investigated, this band was not found to change significantly between day 1 and day 6 of pregnancy.  E, luminal epithelial cells; L, lumen; S, stroma; G, gland; D, decidua; double headed arrow, primary decidual zone. 
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Figure 6.2 Immunofluorescence microscopy and western blotting of FLNA in 
ovariectomised rats Immunofluorescence micrographs of endometrium stained with monoclonal FLNA antibody (green) and counterstained with dapi (blue).  FLNA apical localisation in UECs from uteri of ovariectomised rats treated progesterone only (a) and also with combination of progesterone and oestrogen (c). FLNA was localised to the stromal cells that are directly beneath the UECs under oestrogen only treatment (b). FLNA displayed a diffuse cytoplasmic staining in UECs of the vehicle control (d).  Western blotting analysis of isolated UECs from ovariectomised rats (n=5) (e) treated with progesterone alone (P), oestrogen alone (E), oestrogen and progesterone (PE), and vehicle alone (C). Densitometric analysis of western blotting and statistical analysis by one-way ANOVA showed no significant difference of FLNA protein abundance between hormone regimes.  Integral density values (IDV) were calculated and are shown as ± SEM.  E, luminal epithelial cells; L, lumen; S, stroma. 
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Figure 6.3 FLNA localisation in artificially induced decidualised uteri. Representative random mouse IgG control immunofluorescence micrograph (a). A photograph of day 6 pseudo pregnant uterine horns, where oil was administered intraluminally to the left horn only displays a strong pontamine sky blue (PSB) reaction staining, indicative of successful inducement of decidualisation  (n=5) (b). Immunofluorescence of endometrium stained with monoclonal FLNA antibody (green) and counterstained with dapi (blue). FLNA is localised to the apical plasma membrane in the left horn that decidualisation is induced (c, e) on day 6 of pseudo pregnancy and also in the control day 6 pseudo pregnant horn (d) (arrow head). FLNA is localised to the primary decidualisation zone of the endometrium in the left horn of the uterus that decidualisation was induced with oil. (c, e). FLNA was evenly distributed throughout the endometrium in the control day 6 pseudo pregnant right horn (d, f).  
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6.5 DISCUSSION Remodelling of the actin cytoskeleton of UECs and ESCs during the transition between a non-receptive to receptive state in early pregnancy is mediated by actin binding proteins (Luxford and Murphy 1992b; Terry et al. 1996).  This study investigated FLNA, an actin binding protein that crosslinks F-actin into an orthogonal meshwork (Davies et al. 1978; Feng and Walsh 2004).  At the time of fertilisation FLNA displayed a diffuse localisation in UECs, and was concentrated to the underlying two to three layers of stromal fibroblasts.  FLNA redistributed apically in UECs at the time of implantation and also under the influence of progesterone and was localised to the primary decidualisation zone of the endometrium.   Actin filaments at the apical portion of UECs have been shown in transmission electron microscopy studies to be aligned at the time of fertilisation, and are then replaced by a diffuse network of actin filaments at the time of implantation (Luxford and Murphy 1989; Luxford and Murphy 1992b; Luxford and Murphy 1993), with these changes found to be hormonally regulated (Luxford and Murphy 1992a). The apical localisation of FLNA seen in this study at the time of implantation and in response to progesterone may be involved in crosslinking F-actin filaments found apically, and may also form part of the actin meshwork seen in the broad surface protrusions (Adams et al. 2002; Murphy 2000) known as pinopods at this time. Membrane association of FLNA is attained by its association with transmembrane proteins such as β integrins (Loo et al. 1998; Muriel et al. 2011; van der Flier and Sonnenberg 2001) where FLNA serves to link these proteins to the actin cytoskeleton (Stossel et al. 2001).  FLNA contributes to the maintenance of plasma membrane stability in M2 melanoma cells, which, when deficient in FLNA show defects in membrane stability and also migration, and upon reintroduction of FLNA both these characteristics are restored (Cunningham et al. 1992; Planaguma et al. 2012). UECs at the time of implantation are under mechanical stress (Bazer et al. 2009), where a number of junctions and integral membrane proteins such as integrins are lost or are redistributed (Kaneko et al. 2011b; Kaneko et al. 2008; Nicholson et al. 2010).  In addition, the apical and basal plasma membranes differ 
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in their rigidity at the time of implantation (Esue et al. 2009); so FLNA may contribute to the maintenance of plasma membrane stability at this time by facilitating the association with integral membrane bound proteins localised 
apically with the actin cytoskeleton such as integrin β3 (Kaneko et al. 2011b).  Previous work has shown apical localisation of integrin β3 at the time of 
implantation and also  the importance of integrin β3 in initial embryo attachment (Kaneko et al. 2011b; Kaneko et al. 2012), thus apical localisation of FLNA at the 
time of implantation may provide a scaffolding for integrin β3 where it links 
integrin β3 to the actin cytoskeleton.   Despite the clear change in localisation of FLNA in UECs during early pregnancy Western blotting analysis did not demonstrate a significant difference in protein abundance of FLNA between the time of fertilisation and implantation.  FLNA at the time of fertilisation may be present in the cytoplasm where it is not concentrated enough to be detected by the immunofluorescence protocol. FLNA is a known substrate of calpain 2, and evidence of both the full length FLNA (280 kDa) and also the calpain cleaved fragment of FLNA (240 kDa) (Davies et al. 1978; Gorlin et al. 1990) at both the time of fertilisation and implantation suggest a role for calpain 2 in cleaving not only focal adhesion proteins (Beckerle et al. 1987; Franco et al. 2004) but also FLNA which is an actin binding protein.  Calpain activity has been previously reported in UECs during early pregnancy to be increased at the time of implantation (Kaneko et al. 2013).  It is interesting that the actin cytoskeleton undergoes a dramatic remodelling in a short time frame and the protein abundance of an actin binding protein such as FLNA is also unchanged.  It may be that actin binding proteins such as FLNA are present as a pool in the cytoplasm to elicit their function quickly without the need for new protein synthesis (Thomas et al. 1981).   FLNA was observed to be localised to the primary decidualisation zone at the time of implantation. This localisation was found to be dependent upon the decidualisation reaction.  The ESCs also undergo dramatic remodelling during the transition from a fibroblast phenotype to a decidual cell. These cells are essential for the continued growth and development of the embryo (Abrahamsohn and Zorn 1993) and not only function in the development and growth of the embryo but also 
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restrict excessive invasion of the embryo through the uterine wall (Carson et al. 1992).  The histological changes that these cells undergo include dilation of the endoplasmic reticulum, extensive areas of cell-cell contact with the formation of junctional complexes and also the accumulation of glycogen, lipids, and an increase actin filaments arranged in a filamentous meshwork (Kearns and Lala 1983). The primary decidualisation zone is comprised of large decidual cells (LDC), the ESC precursors of which were originally located immediately underlying the basal lamina of the uterine epithelium (Mikhailov 2003; Parr et al. 1986).  The localisation of FLNA observed in the 2-3 layers of ESCs immediately underlying the luminal epithelium that will later form the LDCs of the primary decidual zone suggests that FLNA is associated with the remodelling of the actin cytoskeleton of these cells during their transition from a fibroblast to a decidual cell.   Other actin 
binding proteins such as α-actinin, CLP36, and moesin also shift in their distribution in response to decidualisation (Miehe et al. ; Shaw et al. 1998; Venuto et al. 2008), these proteins together with the localisation and expression of FLNA 
in these ESCs may function together. FLNA and α-actinin cross link actin filaments which provides a stiff actin network (Esue et al. 2009), this may play a role in regulating embryo invasion.   In summary this work has shown redistribution of the actin crosslinking protein FLNA apically in UECs and in the primary decidualisation zone at the time of implantation. We suggest that the presence of FLNA contributes to the molecular and morphological changes that both UECS and ESCs undergo in order for them to be receptive to implantation by contributing to the remodelling of the actin cytoskeleton and hence the maintenance of plasma membrane stability of UECs and ESCs during early pregnancy.    
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7.1 ABSTRACT Luminal uterine epithelial cells undergo many changes to become receptive to blastocyst implantation. These changes include the loss of microvilli, terminal web and deepening of the tight junction and loss of basal focal adhesions and morphological adherens junction (zonula adherens). Despite these changes UECs maintain a polarised epithelial phenotype. Afadin is an actin binding protein that associates with the nectin-afadin-ponsin protein complex that is found at cell-cell adherens junctions. Afadin has been reported to associate with both the adherens junction and also the tight junction in other cells. This study investigated the morphological changes of the adherens junction and the localisation and expression of afadin during early pregnancy in the rat to explore and its role in the maintenance of epithelial polarity. Afadin was found to localise to apical junctions between UECs at both the time of fertilisation and implantation, and co-localise with ZO-1 at both these times. Afadin protein abundance is increased at the time of implantation in isolated uterine epithelial cells. The co-localisation of afadin with ZO-1 and protein expression of afadin at the time of implantation suggests that it is associated not only with the adherens junction at the time of fertilisation but also the tight junction at both the time of fertilisation and implantation.    
CHAPTER 7  AFADIN DURING EARLY PREGNANCY 
167  
7.2 INTRODUCTION Polarised epithelial cells are characterised by the organisation of the plasma membrane lipids and proteins into distinct domains (Rodriguez-Boulan and Nelson 1989). These domains, both structural and functional consist of an apical plasma membrane that faces the lumen, a lateral plasma membrane where junctional complexes are found, and the basal plasma membrane.  All these domains undergo many changes during the transition from a non-receptive uterine epithelial cell to one that is receptive to blastocyst implantation, which are known collectively as the plasma membrane transformation. These changes include deepening of tight junctions and loss of the adherens junction, and desmosomes at the time of implantation (Murphy and Shaw 1994). Despite the loss of these junctional structures the uterine epithelium still retains its polarised epithelial phenotype. The adherens junction (zonula adherens) is a lateral junction that links the actin cytoskeleton of adjacent UECs and functions to maintain cell to cell contact. This junction provides adhesion between cells to resist mechanical stresses (Hartsock and Nelson 2008). The adherens junction is comprised of two adhesion complexes which are the E Cadherin-Catenin complex and the Nectin-Afadin-Ponsin (NAP) complex (Asakura et al. 1999). At cell-cell adherens junctions cadherins interact with each other at the extracellular surface in a Ca2+ dependent manner and also with the actin cytoskeleton at the cytoplasmic interface through the F-actin binding peripheral membrane proteins α-actinin, α/β-catenin, and vinculin (Asakura et al. 1999; Li et al. 2002). The tight junction (zonula occludens) of polarised epithelial cells is responsible for the formation of an apical seal between adjacent epithelial cells (Fanning et al. 1999). Tight junctions control the diffusion of proteins and molecules between apical and basolateral cell membranes as well as regulate ion, water and molecular transport through the paracellular pathway between the cells  (Tsukita et al. 2009). Claudin proteins, occludin and tricellulin are key proteins of the tight junctional complex.  ZO-1 is a peripheral membrane protein that interacts with the tight junctional complex, but is also capable of binding to proteins associated with the adherens junction (Tsukita et al. 2009; Furuse et al. 1994). Previous studies of 
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ZO-1 during early pregnancy have demonstrated junctional localisation of ZO-1 in UECs throughout early pregnancy in the rat (Orchard and Murphy 2002).   Afadin is an F-actin binding protein that consists of two splice variants I-afadin and s-afadin (Mandai et al. 1997).  I-Afadin is ubiquitously expressed, unlike s-afadin which is abundantly expressed in neural tissue (Ikeda et al. 1999). Afadin is restricted to the adherens junction in luminal epithelial cells of the small intestine. As junctional proteins such as ZO-1 have been localised at cell junctions of UECs during early pregnancy despite the loss of a morphological adherens junction at the time of implantation this study investigated the morphology of the adherens junction during early pregnancy and investigated the localisation and expression of afadin in the rat uterus during early pregnancy to explore its potential role in the maintenance of a polarised epithelium.     
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7.3 MATERIALS AND METHODS 
7.3.1 Animals Female virgin Wistar rats (10–12 weeks of age) were housed in plastic cages at 21°C with a 12-h light–dark cycle and were fed and watered ad libitum. Vaginal smearing was performed to determine stage of the oestrous cycle, and those rats showing a vaginal smear characteristic of pro-oestrus were caged overnight with a male of proven fertility. The presence of sperm in the vaginal smear taken the following morning indicated mating and was designated day 1 of pregnancy. Uterine horns from days 1 and 6 were collected to correspond to the time of fertilisation and implantaton. Five rats were collected for each day of pregnancy. All experimental procedures were approved by The University of Sydney ethics committee. 
7.3.2 Immunofluorescence microscopy Uterine tissue from normal pregnant and ovariectomised rats treated with ovarian hormones, were embedded in O.C.T compound (Tissue-Tek; Sakura Firetek, Torrance, CA, USA), snap frozen in supercooled isopentane (BDH Laboratory supplies, Poole Dorset, England, UK) and stored under liquid nitrogen until use. Sections, 7 µm, were cut using a Leica LM 3050 cryostat (Leica, Heerbrugg, Switzerland). Tissue sections were air dried on gelatine-chrome alum-coated glass slides at room temperature and fixed with 4% PFA for 10 minutes at room temperature, washed in PBS 3 x 5 min, and subsequently blocked in 1% bovine serum albumin (BSA; Sigma) in PBS for 30 min. All primary and secondary antibodies were diluted with this blocking solution. Sections were incubated with primary antibodies of mouse monoclonal anti afadin (1 µg/mL, Abcam, Cambridge, England: ab 90809) and rabbit polyclonal anti ZO-1 (0.5 µL/mL, Life Technologies, Carlsbad, California, USA; 402200) overnight at 4 ◦C. Sections were washed in PBS 3 × 5 min, and incubated with secondary antibody fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or anti-rabbit IgG F(ab')2 fragment-cy3 secondary antibody (0.5 mg/ml; Sigma, Sydney, NSW, Australia) for 1 h in the dark followed by 3 × 5 min PBS wash. Sections were then mounted with vectashield containing DAPI (Vector, Burlingame, CA, USA), cover 
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slipped and examined with a Zeiss Deconvolution microscope (Carl Zeiss Inc., Jena, Germany). Immunofluorescence micrographs were taken using a Zeiss AxioCamHR digital monochrome CCD camera (Carl Zeiss Inc., Jena, Germany) and Zeiss Zen 2011 image-acquisition software. Non-immune controls were carried out with experimental runs where sections were incubated with mouse and rabbit IgG 
purified immunoglobulin (0.8 μg/mL; Sigma) in place of the primary antibody.  
7.3.3 Transmission Electron Microscopy Uteri were excised and cut into 5mm pieces then immediately immersed in freshly prepared Karnovsky’s fixative solution (pH 7.4) comprised of 2.5% glutaraldehyde (ProSciTech, Queensland, Australia), 2% paraformaldehyde (ProSciTech, Queensland, Australia) in 0.1M Sorenson’s phosphate buffer (PB, pH 7.4) for 45 mins at room temperature. Tissue was then cut into 0.5-1mm slices on dental wax under a droplet of fixative using a double-edged razor blade, then returned to fresh fixative for a further 45 mins. The tissue was washed in PB then postfixed for 1hr in a solution of 1% osmium tetroxide (OsO4) and 0.8% potassium ferricyanide in PB, to enhance the contrast of the plasma membrane (Karnovsky 1971). This solution was rinsed off with PB, before a 2% OsO4 solution (in PB) was added for 10 min to remove any unreacted potassium ferricyanide, which can cause infiltration problems (Hoshino et al. 1976). The tissue was then washed extensively with MilliQ water before being dehydrated in a graded series of alcohols and infiltrated with Spur’s resin (SPI supplies, Leicestershire, England, UK). Tissue slices were embedded in fresh Spur’s resin in BEEM® capsules (ProSciTech, Australia) and polymerised at 60°C for 24hrs. Two randomly-selected blocks per animal were cut using a Leica Ultracut T ultra-microtome (Leica, Heerbrugg, Switzerland) and 60-70 nm sections were mounted onto 400-mesh copper grids. Sections were post-stained with a saturated solution of uranyl acetate in 50% ethanol for 45mins, followed by Reynold’s lead citrate for 10mins. These sections were viewed with a Jeol 1011 transmission electron microscope (Jeol Ltd., Tokyo, Japan) at 80kV and imaged with a Gatan SC200 Orius CCD Camera (Gatan Inc., California, USA). 
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7.3.4 Isolation of uterine luminal epithelial cells Uterine luminal epithelial cells were isolated from each animal as previously described (Kaneko et al. 2008). The uterine horn was opened longitudinally and surface luminal epithelial cells were scraped off using sterile surgical blades (Livingstone International, Rosebery, NSW, Australia) and immediately placed into lysis buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholic acid, 1% Igepal and protease inhibitor cocktail; Sigma Mammalian Cell lysis kit, Sigma). The cell lysate was passed through a 23 gauge needle using a 1 ml syringe (Livingstone, International, Rosebery, NSW, Australia) and briefly centrifuged at 8,000g at 4 °C. The supernatant was collected and frozen 
immediately in liquid nitrogen and stored at −80°C until use. 
7.3.5 Western blotting analysis Protein concentrations were determined using the BCA protein assay (Micro BCA™ Protein assay kit; Quantum Scientific, Murarrie, QLD, Australia) and POLAR Star Galaxy microplate reader (BMG LabTech, Durham, NC, USA) according to the manufacturer’s instructions. Protein samples (20 µg) and sample buffer (8% glycerol, 50 mM Tris–HCl, pH 6.8, 1.6% SDS, 0.024% bromophenol blue, 4% β-2-mercaptoethanol) were boiled at 95°C for 5 minutes prior to loading onto a 10% SDS-polyacrylamide gel. Gels were subjected to electrophoresis at 200 V for 40 minutes and proteins transferred to a polyvinylidene dilfluoride (PVDF) membrane (Immunobilon™ transfer membrane; Millipore, Bedford, MA, USA) at 100 V for 1 hour. Membranes were blocked by incubating in a solution of 5% skim milk powder in TBS-t (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature with constant agitation, followed by primary antibody incubation with mouse monoclonal anti afadin (0.005µg/mL, Abcam, Cambridge, England: ab 90809) overnight at 4°C. Membranes were washed 3 × 10 min in TBST and subsequently incubated for 2 h with sheep anti mouse (0.4 ug/mL, Amersham, GE healthcare, Buckinghamshire, UK) at room temperature with constant agitation. All antibodies were diluted with 1% skim milk powder in TBST.  The proteins were detected by enhanced chemiluminescence (ECL Plus Western Blotting Detection System; Amersham, GE Healthcare, NSW, Australia) and unsaturated images were captured using the Alpha Innotech Digital Imaging System (Alpha Innotech, San 
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Leandro, CA, USA). Membranes were subsequently rinsed in TBST and antibodies removed by heating at 60°C for 45 min in stripping buffer (62.5 mM Tris–HCl, pH 
6.7, 2% SDS and 100 mM β-2-mercaptoethanol) and reprobed with mouse monoclonal anti-β-actin antibody (0.4 μg/mL; Sigma, NSW, Australia) to ensure equal loading. 
7.3.6 Statistical analysis The intensity of the bands detected from western blotting analysis was quantified using the two-dimensional spot density from the Alpha Innotech Digital System (Alpha Innotech). The integrated density value (IDV) was calculated using the AlphaEaseFC software. Statistical analysis was performed by student’s t-test for early pregnancy a p <0.05 was considered to be significant.   
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7.4 RESULTS 
Morphological adherens junction is absent at the time of implantation  Transmission electron microscopy of luminal uterine epithelial cells on day 1 of pregnancy shows the presence of morphological tight junction, adherens junction and desmosomes at the apical portion of the lateral plasma membrane of UECs 
(figure 7.1a). By day 6 of pregnancy a morphological adherens junction was absent at the apical portion of the lateral plasma membrane (figure 7.1b). 
Afadin is localised to sites of cell to cell contact and co-localises with ZO-1 
during early pregnancy. On day 1 (figure 7.2a-c) and day 6 (figure 7.2d-f) of pregnancy afadin (red) is localised apically in UECs at sites of cell-to-cell contact (arrow head). Afadin co-localises (yellow) with ZO-1 (green) a tight junctional marker on both days of pregnancy investigated.   
Afadin protein abundance is significantly increased at the time of implantation  Afadin was observed at 205 kDa as a doublet which is the reported molecular weight for the I-afadin isoform and also a degradation product at 65 kDa (Tanaka-Okamoto et al. 2011) on both days of pregnancy (figure 7.3A). Densitometric analysis of I-afadin isoform (205 kDa) protein abundance showed a significant increase on day 6 of pregnancy (figure 7.3B).    
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Figure 7.1 Transmission electron micrographs of uterine epithelial cells Transmission electron micrographs of the apical portion of the lateral plasma membrane of luminal UECs on day 1 (a) and day 6 (b) of pregnancy. Morphological adherens junction is observed on day 1 of pregnancy and absent on day 6. MV, microvilli; TJ, tight junction (zonula occludens); AJ, adherens junction (zonula 
adherens); D, desmosome; MV, microvilli. Scale bar = 200 nm  
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Figure 7. 2 Co-localisation of afadin and ZO-1 in UEC during early pregnancy Immunofluorescence micrographs of the endometrium stained with monoclonal afadin antibody (green) , polyclonal ZO-1 antibody (red) and counterstained with dapi (blue).  On day 1 (a-c) and day 6 (d-f) of pregnancy both afadin and ZO-1 are co-localised to the apical lateral junctions of luminal UECs. E, luminal epithelial cells; L, lumen; S, stroma. Scale bar = 30 µm.  
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Figure 7.3 Western blotting of afadin in isolated UECs Western blotting analysis of afadin (205 kDa) (A) from isolated UECs on day 1 and day 6 of pregnancy. Densitometric analysis of western blotting (B) and statistical analysis by Student’s t-test showed a significant increase in afadin protein abundance between day 1 and day6 of pregnancy. Integral density values (IDV) were calculated and are shown as ± SEM.  
CHAPTER 7  AFADIN DURING EARLY PREGNANCY 
179  
   
CHAPTER 7  AFADIN DURING EARLY PREGNANCY 
180  
7.5 DISCUSSION Uterine epithelial cells maintain a polarised state despite losing a number of membrane junctional structures and associated cytoskeletal components of these junctions (Luxford and Murphy 1992, 1993; Murphy and Shaw 1994; Murphy 2001) during the transition to an epithelium that is receptive to blastocyst implantation. Intercellular adhesion in polarised cells is mediated by the tight junctional (zonula occludens), adherens junctional (zonula adherens), and desmosome (macula adherens) complexes (Farquhar and Palade 1963). These complexes are important in the separation of cellular domains of a polarised epithelium. Afadin is a protein that has been found to be concentrated at cadherin based cell to cell adherens junctions (Mandai et al. 1997; Ikeda et al. 1999). The present study investigated the localisation and expression of afadin and also the morphological changes of the adherens junction at the time of fertilisation and implantation.  The morphological adherens junction was observed to be absent at the time of implantation while afadin was observed to localise to apical cell-cell junctions, and co-localise with ZO-1 a tight junctional marker at both the time of fertilisation and implantation. The protein abundance of afadin was observed to increase at the time of implantation. The localisation of afadin at the time of fertilisation is consistent with the observation of an intact adherens junction at this time. Interestingly, afadin co-localised with ZO-1 at both the time of fertilisation and implantation suggesting afadin is not only localised to the adherens junction but to the tight junction as well in rat uterine luminal epithelial cells. While afadin is a component of the NAP complex which is found at sites of cell-cell adherens junctions, and has been found to be restricted to the adherens junction in luminal epithelial cells of the small intestine (Mandai et al. 1997; Ikeda et al. 1999; Tanaka-Okamoto et al. 2011), afadin has also been observed to localise at both the tight junction and also the adherens junction in the polarised epithelial MDCK cell line (Asakura et al. 1999; Reinsch and Karsenti 1994). The tight junction of UECs has been investigated extensively in UECs during early pregnancy where it serves to isolate the cytoplasmic and luminal environments. Transmission electron microscopy (TEM) studies of this junction have demonstrated an increase in the depth of the tight junction at the time of 
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implantation (Murphy et al. 1981, 1982; Murphy 2000), and loss of a morphological adherens junction at this time. These observations taken together with the observed co-localisation of afadin and ZO-1 in UECs and the increase in afadin protein at the time of implantation protein suggest that afadin is localised to the tight junction at this time and may contribute to the maintenance of both epithelial polarity and integrity.   In summary this study has demonstrated the loss of the morphological adherens junction. We have also shown the junctional localisation of afadin to coincide with the localisation of ZO-1 as well as the abundance of afadin protein to be increased at the time of implantation which correlates with the deepening of this junction at this time. We suggest that afadin not only facilitates cell-cell adherens junctions at the time of fertilisation but is also associated with the tight junction at both the time of fertilisation and implantation; and hence contributes to the maintenance of a polarised epithelium.     
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8.1 GENERAL DISCUSSION This thesis investigated several aspects of cell polarity including membrane lipid and cholesterol, actin cytoskeleton, and junctional complexes with the aim to understand the mechanisms in which uterine epithelial cells employ to maintain epithelial polarity at the time of implantation. The studies conducted suggest that a polarised lipid distribution in UECs during early pregnancy is a mechanism for UECs to maintain epithelial polarity as the location of, and abundance of, plasma membrane lipid and cholesterol affects the distribution and location of certain transmembrane proteins. The actin cytoskeleton is another cellular structure that is employed to maintain epithelial polarity where bundling of actin filaments by actin binding proteins throughout the cell affects the plasma membrane of the UECs, contributing not only to morphological structures such as the terminal web and associated microvilli, but also plasma membrane rigidity. Junctional structures of UECs also contribute to epithelial polarity as they maintain a partition between apical and basal compartments of UECs during pregnancy. The plasma membranes of UECs outside the ‘window of receptivity’ are refractive to blastocyst implantation. At this time UECs have apical microvilli, a glycocalyx and apical junctions (Murphy and Shaw 1994; Murphy 2004). The basal plasma membrane of UECs at this time has many adhesive molecules such as integrins which are associated with focal adhesion molecules talin and paxillin (Kaneko et al. 2008; Kaneko et al. 2011a) as well as the flotillin raft marker flotillin-2 (Lecce et al. 2013). At the time of implantation UECs are receptive to blastocyst implantation and have lost apical microvilli, and the associated terminal web (Luxford and Murphy 1992). Apical surface protrusions known as pinopods in rats and uterodomes in humans are observed (Adams et al. 2002; Martel et al. 1991; Singh et al. 1996; Murphy 2000). There is also an increase in basolateral membrane tortuosity (Shion and Murphy 1995). These are accompanied by an increase in apical plasma membrane cholesterol (Murphy and Martin 1985) as well as up-regulation and redistribution of a number of adhesion molecules such as integrins, and selectins  to the apical plasma membrane (Aplin 1997; Singh and Aplin 2009; Kaneko et al. 2011b; Kaneko et al. 2011a) which serve to mediate adhesion of the blastocyst to UECs.  
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From the current studies, caveolin proteins, markers of another specialised lipid raft known as caveolae was observed to be cytoplasmically distributed in UECs at the time of fertilisation and redistributed to the basal plasma membrane at the time of implantation. At this time, morphological caveolae were also identified and observed to increase. Plasma membrane cholesterol has only been investigated in the apical plasma membrane of UECs during early pregnancy, where it has been reported to increase at the time of implantation. Caveolae are specialised lipid raft domains that are rich in cholesterol and glycosphingolipids which increase in number at the basal plasma membrane and are associated with the localisation and increase in caveolin-1 protein at the time of implantation. Caveolae and flotillin lipid rafts are two separate lipid raft domains (Lang et al. 1998; Volonté et al. 1999; Bauer and Pelkmans 2006); as such, flotillin localises apically in UECs (Lecce et al. 2013) whereas caveolae and associated caveolin proteins are localised basally at the time of implantation. Thus, the observations in this thesis provide evidence for a polarised distribution of lipid rafts between apical and basal surfaces to be a mechanism for UECs to maintain epithelial polarity. Furthermore, different proteins are dependent on the location and abundance of plasmalemmal lipid and cholesterol and hence the specific location of different lipid raft domains will concentrate particular proteins to particular membrane domains, thus influencing proteins and cellular functions.  The generation of membrane curvature at the basolateral membrane is another aspect of cell polarity that is altered in UECs at the time of implantation. Previous studies found an increase in the tortuosity of the basal plasma membrane at the time of implantation (Shion and Murphy 1995). Caveolin-1 was found to associate with PTRF at the time of implantation (Chapter 4). PTRF is a protein that associates with caveolar membranes and is known along with SDPR to generate membrane curvature. SDPR however was absent from UECs at the time of implantation (Chapter 4). The elevated levels of lipid and cholesterol in the apical plasma membrane (Murphy and Martin 1985) leads to a rigid plasma membrane, coupled with the absence of caveolae and caveolin protein at the apical membrane at the time of implantation (Chapter 3) supports this hypothesis. Conversely, the increase in the flexibility of the basal plasma membrane as seen by the increase in membrane tortuosity and in the number of morphological caveolae as well as the 
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association between caveolin-1 and PTRF at this time (Chapter 3 and 4) suggests that these proteins together contribute to the differences in apical and basal plasma membranes. Thus, basal lipid abundance may be mechanism for the maintenance of epithelial polarity at the time of implantation.  The actin cytoskeleton also plays a role in the maintenance of epithelial polarity. As has been mentioned earlier, both apical and basal plasma membranes differ in their membrane rigidity, with lipid and cholesterol abundance not bring the sole contributors to this (Esue et al. 2009) (Figure 8.1). Bundling of F-actin fibres at membrane surfaces by actin binding proteins such as filamin A (FLNA) may provide the structural integrity within the cell as well as at the plasma membrane. FLNA was observed to localise apically in UECs at the time of implantation. Also at the time of implantation pinopods (apical morphological protrusions) have been observed along with filamentous actin beneath the apical plasma membrane surface. The apical localisation of FLNA in UECs may not only facilitate the organisation of F-actin, but also apical membrane rigidity and stability by associating integral membrane-bound proteins localised apically with the actin 
cytoskeleton such as integrin β3 (Kaneko et al. 2011b) where it may indirectly serve to facilitate blastocyst adhesion. The collective alterations in the composition of apical and basal plasma membranes of UECs especially at the time of implantation suggest a rigid apical plasma membrane is due to elevated membrane cholesterol, and also FLNA associated actin networks; whereas the basal plasma membrane has a different lipid composition which provides a less rigid membrane, thereby facilitating the formation of caveolae and general membrane curvature. As such caveolin, cavin proteins PTRF and SDPR and also FLNA contribute to the polarised phenotype of UECs observed during early pregnancy (Figure 8.1). The junctional structures of UECs also undergo many alterations during early pregnancy. The lateral plasma membrane junctions were also investigated with particular focus on the adherens junction which has been shown to be absent morphologically (Chapter 7) using afadin as an adherens junction marker.  The tight junction of UECS has been investigated extensively in UECs during early pregnancy where transmission electron microscopy (TEM) studies of this junction have demonstrated an increase in its depth at the time of implantation (Murphy et 
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al. 1981, 1982), ZO-1 is not purely restricted to the  tight junction (Tsukita et al. 2009) and co-localised with afadin at both the time of fertilisation and implantation (Chapter 7). These observations taken together with the increase in afadin protein at the time of implantation protein suggest that afadin is localised to the tight junction at this time and contributes to maintaining the separation between apical and basolateral plasma membrane domains hence, epithelial polarity (Figure 8.1). The focal adhesion complex is a junction that undergoes disassembly at the time of implantation (Kaneko et al. 2008) and the association of caveolin 1 with integrin 
β1 in focal adhesion turnover (Chapter 3) is a mechanism that aids in blastocyst implantation. Membrane integrity is maintained at the time of implantation by the association of afadin at the tight junction. Together these mechanisms allow for the maintenance of membrane integrity and also epithelial polarity during early pregnancy   
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Figure 8.1 Schematic diagram of molecules involved in epithelial polarity and plasma 
membrane rigidity 
CHAPTER 8   GENERAL DISCUSSION AND CONCLUSIONS 
191  
 
CHAPTER 8   GENERAL DISCUSSION AND CONCLUSIONS 
192  
At the basal plasma membrane focal adhesions and their associated proteins are down regulated facilitating focal adhesion disassembly (Kaneko et al. 2008; Kaneko et al. 2011b). In the studies reported in this thesis, caveolin-1 and integrin 
β1 were shown to associate at the time of fertilisation (Chapter 3). This association implicates caveolin-1 in integrin turnover and subsequent focal adhesion disassembly during early pregnancy. The use of cell culture models of a receptive endometrium was investigated with regards to the influence of the ECM on epithelial polarity. Focal adhesion proteins talin and paxillin, as well as caveolin-1 were investigated in Ishikawa cells (an established receptive endometrial epithelial cell line) as both focal adhesion proteins and also caveolin-1 were observed to be localised basally in vivo. Talin and paxillin as well as caveolin-1 were observed to be localised apically in these cells despite the presence of ECM at the basal surface (Chapter 5). The observations on the localisation of focal adhesion molecules talin and paxillin (Chapter 5) were particularly interesting, as they did not mirror what is observed in receptive UECs in vivo. This may be due to adhesive qualities of the apical surface of Ishikawa cells where these cells have 
been reported to express adhesive molecules such integrin β3 (Kaneko et al. 2011a) and basigin (Iacono et al. 2007) apically. The apical integrin localisation in Ishikawa cells do however contribute to the observations of talin and paxillin localisation as these proteins cluster together to form the focal adhesion complex as has been observed in vivo (Burridge et al. 1988; Katoh et al. 1995; Burridge and Chrzanowska-Wodnicka 1996; Critchley et al. 1999). 
8.2 Conclusion and Future Directions In conclusion, these studies demonstrate each of the molecules investigated contribute to the maintenance of a polarised epithelial phenotype. This is the first study to identify and quantify an increase in morphological caveolae at the basal plasma membrane in UECs at the time of implantation. In the uterus, lipid rafts and their associated markers are responsive to ovarian hormonal changes and demonstrate a polarised distribution of lipid rafts and their associated markers. This is one of the few studies that have looked at these molecules associated with lipid rafts and actin remodelling as potential mediators of epithelial polarity.  
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It is clear that organisation of both molecules found in the plasma membrane and those associated with the actin cytoskeleton together serve to regulate not only epithelial polarity but also mediate remodelling of the actin cytoskeleton as observed in stromal to decidual cell transformation with FLNA.  The alterations in the composition of apical and basal plasma membranes of UECs especially at the time of implantation suggest a rigid apical plasma membrane due to elevated membrane cholesterol, and also FLNA associated actin networks; whereas the basal plasma membrane has a different lipid composition which provides a less rigid membrane, thereby facilitating the formation of caveolae and general membrane curvature. Measurement of this rigidity would be beneficial to elucidate the components of the plasma membrane that give rise to such a polarised plasma membrane. Manipulation of the lipid and cholesterol content of the plasma membrane of UECs by chemical agents such as methyl β cyclodextrin D and also actin cytoskeleton disruption by disruptive agents such as cytochalasin D and latrunculin and measuring membrane rigidity with atomic force microscopy will provide further information on the components of the cell that contributes to the polarity of UECs during early pregnancy. In the uterus it is well known that a significant amount of cross talk between blastocysts and uterine tissue is achieved through cytokines and growth factor secretions. Up regulation of a number of molecules is stimulated by inflammatory cytokines which include, but are not limited to interleukins, tumour necrosis factors and interferons (Singh and Aplin 2009). Caveolin was investigated in this thesis as a potential mediator of epithelial polarity and membrane curvature, it has also however been associated with the suppression of cytokine signalling in mammary epithelium (Jasmin et al. 2006; Park et al. 2002). It would be of interest to identify whether expression of caveolin-1 is altered when cytokines are administered locally without the involvement of ovarian hormones to further elucidate a role for caveolin-1 in cytokine signalling during the window of receptivity of UECs. This thesis also investigated focal adhesion molecules talin and paxillin in Ishikawa cells. These proteins have previously been characterised with regards to their localisation and expression in UECs in vivo (Kaneko et al. 2008; Kaneko et al. 2009). From the present study it was found that these proteins were not only 
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expressed in Ishikawa cells but were unexpectedly localised apically in these cells grown on an extracellular matrix as opposed to being localised basally as has been observed in vivo. Epithelial polarity is an important characteristic that is maintained in vivo during pregnancy and has implications for the localisation of and expression of key proteins involved in uterine receptivity. From the studies of focal adhesion proteins, talin and paxillin in Ishikawa cells (Chapter 5) it can be said that while cell culture has its benefits, it also has limitations with regards to correlations made between what occurs in vitro to what occurs in-situ, with epithelial polarity being a potential limiting factor in the use of cell culture models of a receptive endometrium. It would therefore be of interest to identify other cell culture models (such as ECC-1, RL-95 cell lines) which have a polarised distribution that is consistent with what is observed in vivo. *    *    * In conclusion, the molecules studied are now known to be involved in the maintenance of uterine polarity and also contribute to uterine receptivity.  The results of the work presented here contribute to our understanding of the process of uterine receptivity and increase our knowledge of the events that occur during early pregnancy.   
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